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BACKGROIJND AND PURPOSE

This manual is primarily a guide for pilots and engineers attending the U. S.
Naval Test Piiot School. However, it may be used as a guide in any fixed wing flying .
qualities investigation. The text presents basic fixed wing staklility and control
theory, qualitative and quantitutive test and evaluation techniques, and data
presentation methods. (n most sections, more than one technique is described for
each test. Generally, the best technique for a particular investigation will depenc on
the purpose of the investigation, the amount of instrumentation available, and the
personal preference of the individual test pilot. The approach of the qualitative
stability and control testing presented herein is an attempt to assoctate all flying
qualities tests with particular pilot tasks required in the performance of the total

mission of the airplane. The pilot’'s opinion of a particular flying quality will

consequently depend primarily on the pilot workload while performing the desired
task. Quantitative evaluation techniques presented may be used to substantiate pilot
opinion or gather data for documentation of airplane characteristics. The

performance of both qualitative testing and quantitative evaluation is considered

essential for any successful flying qualities investigation.
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PHILOSOPHY OF FLYING QUALITIES TESTING

The flying qualities of a particular airplane cannot be discussed unless the total
mission of the airplane and the multitude of individual tasks associated with that
total mission are defined. The definition of flying qualities leaves no other -
choice: ““Flying qualities are defined as those stability and control characteristics
which influence the ease of safely flying an airplane during steady and maneuvering
flight in the execution of the total mission.”” The “total mission’’ will be initially
determined when the need for a new airplane is realized. However, the mission may
be diminished, magnified, or completely changed during the service life of the
airplane. Therefore, in the formulation of a test and evaluation program for any

airplane, the total mission must be defined and clearly understood by all test pilots

and engineers involved in the program.

The individual tasks associated with the accomplishment of a totai mission must
also be determined before the test and evaluation program can be formulated,
Although the individual tasks may be further subdivided, a military mission will
normally require the pilot to perform the following tasks:

1. Preflight ground or deck operations.

2. Take-off and climb.

3. Navigation to a predetermined point.

4. Strategic or tactical maneuvering.
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5. Navigation to a landing point.
6. Approach and landing.
7. Postilight ground or deck operation.

Because this manual is strictly concerned with fiying qualities. many ground,
deck, or in-flight tasks necessary for mission accomplishment will not be discusse.
These tasks include attachment of payloads, maintenance, servicing, engine start and
operation of navigatior. and weapon systems. Under severe emergency conditions,
the pilot task may involve engine airstart, fire extinguishment, jettison of
equipment, or simply abandoning the airplane without serious injury. These areas

must be investigated on every military airplane and their importance cannot be
overemphasized.

The tasks for which the most favorable flying qualities are required are the
“essentiall.. or “‘critical’”’ tasks required by the total mission. For an aircraft which
must perform air-to-air, air-to-grcund, and/or reconngaissance functions {and training
for those functions), the greatest emphasis must be placed on the flying qualities
exhibited while performing the maneuvers required to accomplish thase critical
tasks. These tasks will, of course, vary greatly with the total mission of the airplane,

in any case, adequate flying qualities must be provided so that take-off, approach,

wave-off, and landing maneuvers can be consistently accomplished safely and
precisely.

0




\ The prime reason for conducting flying qualities investigations, then, is to

determine if the pilot-airplane combination can safely and precisely perform the

various tasks of the total mission of the airplane. This cictermination can generally

be made by the pure qualitative approach to staliility and control testing. However,

! this is only part of the complete test program. Quantitative testing must also be
performed in order tc:

1. Substantiate, if possible, the pilot’s gualitative opinion.

2. Document those characteristics of the airplane which particularly enhance or

derogate socma flying quality.

3. FProvide data for comparing airplane characteristics and for formulating

future design changes.

Provide base data for deterinination of future expansion of fiight and CG

/
F-3

envelope or future expansion of fotal mission,

5. Determine conformance or nonconformance with appropriate test

| specifications.

A balance between qualitative and quantitative testing must be achieved in any

i stability and control test and evaluation program.




R d I

RESPONSIBILITIES OF TEST PILOT AND ENGINEER

Almost every flight test and evaluation team will be composed of one or more

test pilots and one or more project engineers. The team concept provides the |

necessary balance between qualitative testing (the pilot’s opinion} and quantitative
evaluation (the engineer’s knowledge of theory, instrumentation, and specifications).
The team concept does not impiy, however, that the test pilot should he only a
“driver.”” To perfarm the necessary tests and evaluations, the test pilot must also
have at least conversationa! knowledge of theory, instrumentation, and
spucifications. Fu ‘hermore, the engineer must possess a thorough knowledge of the
pilot tasks required in performing a total mission in order to participate fully in

formulation and conduct of the test and evaluaticn program.

THE TEST PILOT

The competent, productive test pilot must be highly proficient with the stick
and throttie if he is to obtain accurate data. He must be trained and have well
developed observation and perception powers if he is to recognize problems ani
adverse characteristics. He must have a keen ability to professionally analyze test
results if he is to understand and explain the significance of his findings. To fulfill

these expectations he must possess a superior knowle<lge of:

1. The airplane undergoing evaluation and airplanes in generat.

2. The total mission of the airplane and the individual pilot tasks required tc

accomplish the mission.

3. Test techniques and associated theory required for qualitative testing and

quantitative evaluation.




4. Specifications relevant to the evaiuation program.

5. Technical report writing.

The test pilot's knowledge of the airplane must exceed the knowiledge require
just to “‘mechanically’’ cperate the engine-airffame combination. The test pilot
must also consider the effects of internal and external configuration on flying

qualities.

In particuiar, a thorough knowledge of the flight controi system is essential if

the test pilot is to do a creditable iob of stability and control testing. Many of the

charagteristics which shape the pilot's opinion of the airplane in performing a

particular task are the direct result of the flight control system.

The successfui test piiot must possess more than a superior knowledge of the
particular test vehicle. Me also needs fiight experience in many gifferent %ypes of
aircraft. Only by seeing “in peison” the widely varying characteristics exhibited by
different design and mission concebts can he prepare himself for accurate and
precise assessments of particular design and mission éoncepts. Further, by flying
many different types, he develops the quality of adantiability - he can easily and
quickly adap: Limself to the characteristics of a new airplane. When flight test time
is severely limited by monetary and time considerations, this quality or trait i

invaluahle.

The toial mission of the airplane must be perfectly clear i the test pilot’s mind.
To obtain this clear concept of the total mission, the test pilot must review and

study the specific operational requirernents on which the design was based, the

detail specification under which the design was developed, and other planrung




1.

documents. Knowledge of the individuai pilot tasks required for total mission
accomplishment is derived most easily from recent operational experience. {Recent

operational experience in missions similar 1o the design mission of the airplane under

evaluation is particularly advantagecus.) If the test pilot does not have the advantage |

of the recent operational experience, he can gain knowledge of the individual pilot
tasks from talking with other pilots, studying operational and tactical manuals,

and/or visiting replacement pilot training squadrons,

The test pitot's knowledge of theory, test techniques, relevant specifications, and
technical report writing may be gained through formal education eor practical
experience. The most heneficial, rewarding, and easiest road to knowledge in these
areas is through formal study with practicable application at an established test pilot
school. This education allows the pilot to conversc with the engineer in technical

terms which are necessary to describe flying qualities phenomena.

The successful project engineer must have at least generat knowledge of the same
items for which the test pilot is mainly responsible. Additionally, he must possess
superior knowledge of:

1. Instrumentation requirements,

2. Formulation and coordinaticn aspects of the test and evaluation program.

3. Data acquisition, reduction, and presentation,

4. Technical report writing.




The project engiﬁeer will normally be responsible for the determination of
instruments required to carry out the investigation. This also involves determination
of the ranges and sensitivities required and formulation of an instrumentation
specification’’ or planning document. His responsibilities also include witnessing or
conducting weight and balance tests, engine calibrations, and fuel quantity system

calibrations.

Because the engineer does not normally fly in the test airplane, and therefore, is
usuaily available in the project office, he is in the best position to coordinate all
aspacts of the program. This involves aiding in preparation and, if necessary, revision
of the “'test plan’ and coordinating the order in which fiights will be conducted.
Additionally, the project engineer will normally prepare all test flight cards and be
present to assist in all flight briefings and debriefings.

:

A great deal of the engineer's time will be spent in working with flight and
Qround test data. He must review preliminary data trom contractor wind tunnel
studies and flights. From this data, critical areas may be determined prior to actual
military flight tests. During the actual flight tests, the engineer may monitor and ait!
in the acquisition of data through telemetry facilities and radio, or by flying in the
test airplane. Following completion of flight tests, the engineer coordinates data

reduction, data analysis, and data presentation,

The engineer's knowledge of technical report writing allows him to paiticipate
fully in the preparation of the report, He will write many parts of the report which
do not require pilet opinion information. The engineer usually is given the arduous
task of proof reading the entire manuscript and approving (for distribution) the first

printed copy of the technical report.
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CONCEPTS OF STABILITY AND CONTROLLABILITY

In order tc exhibit satisfactory flying qualities, the airplane must possess a

certain measure of both stability and centrollability, The optimum “‘blend” depends -

on the total mission of the airplane. A certain degree of stubility is necessary if the

airp!ane is to be easily controlled by a human pilot. However, too much stability can
severely derogate the pilot’s atility to perform maneuvering tasks. The attainment of
an optimum hlend of stahility and controllability shouid be the goal of the airplane
designer. When the optimuin blend is attained, flying qualities greatly enhance the

ability of the pilot to perform the intended mission.

STABILITY

The airplane is a dynamic system i.e., it is a body in mation under the influence
of forces and moments produging or chanding that motion. in order to investigate

£ AAmsA~Am - nn‘nl«\l:sk £irnt that i+ ann b
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the motion of the afrplane, it
irto a condition of equilibrium, i.e., a condition of halance between opposing forces
and moments (not necessariiy a ‘‘force triim’’ condition from the pilot’s standpoint).
Then the stability characteristics of the equilibrium condition can be determined.
The airplane is statically stable if restoring forces and moments are created which
tend to restore it to equilibrium when disturbed from equilibrium. Thus, static
stability characteristics must be investigated from equilibrium flight conditions, in
which all forces and moments are in balance. The direct in-tlight measurement of
certain static stability parameters is rot feasible in many instances. Therefore, the
flight test team must be content with measuring parameters which only give
indications of static stability. However, these indications are usually adequate to

establish conclusively the mission effectiveness of the airplane and are more

meaningful to the pilot than the numerical vatue of the stability derivities.
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The pilot makes changes from one equilibrium flight condition to another

through one or more of the airplane’s modes of mation. These changes are initiated

by excitation of the modes by the pilot and terminated by suppression of the modes
by the pilot. These modes of motion may also be excited by external perturkations.
The study of the characteristics of these modes of motion is the study of dyiremic
stability. Dynamic stability may be classically defined as the ability of the airplane
to eventually regain original flight conditions after being disturbed. Dynamic
stabitity characteristics are measured from nonequilibrium flight conditions during

which the forces and moments acting on the airplane are not in balance,

Static and dynamic stability determine the pilot's ability to control the airplane.
While static instability about any axis is generaily undesirable, if not completely
unacceptable, excessively strong static stability about any axis may derogate
controllability to an unacceptable degree. For some pilot tasks, neutral static
stability may actually be desirable Lecause of the increasad conirollability which
results. Obvisusty, the cptimum level of static stability depends on the mission of

the airplane.

Here the characteristics ¢f the mades of motion of the airplane determine its

dynamic stability characteristics. The most important characteristics are the

frequency and damping of the motion. The frequency of the motion is defined as the

“number of cycles per unit time” and is a measure of the “auickness’” of the

motion. The term undamped natural frequency is often used in describing airpiane

miotion. It is the frequency of the motion if the moticn exhibited zero damping.




Damping of the motion is defined as a progressive diminishing of its emplitudes
and is a measure of the subsidence of the motion. The term damping ratio is often

used in describing airplane mgotion. It is the ratic of the damping which exists to

critical damping. The damping ratio of the airplane modes of motion has a profound .
affect on flying qualities. If it is too low, the airpiane motion is 100 easily excited by
inadvertent pilet control inputs or by atmospheric turbulence. If it is too high, the
airplane motion following a control input is slow to develop and the pilot may

describe the airplane as “‘sluggish.’” The mission of the airplane again determines the

optimum dynamic stakility characteristics. However, the pilot always desires some

level of positive damping of all the airplane’s modes of motion.

Static and dynamic stability prevent unintentional excursions into dangerous
ranges (with regard to airplahe strength) of dynamic pressure, normal acceleration,
and sideforce. The stable airplare is resistant to deviations in angle of attack,
sideslip, and bank angle without action by the pilot. These characteristics not only
improve flight safety, but aliow the pilot to perform maneuvering tasks with

smoothness, precision, and a minimum of effort.

CONTROLLABILITY

Controllability may be defined as the capability ¢f the airplane to perform at
the pilot’s wish, any maneuvering required in total mission accom

characteristics of the airplane should be such that these maneuvers can be performed

precisely and sirnply with a minimum of pilot effort.




i The pilot’s opinion of controllability is shaped by several factors. The most
apparent of these factors are the initial response of the airplane to a control input

and the total attitude change which results. In addition, the cockpit contro! forces

and deflections required to accomplish necessary pilot tasks are extremeiy -
important. These factors depend on the static and dynamic stability of the airplan2
and the characteristics of the flight contro! system. The compiexity or degree of
difficulty which the pilot encounters during maneuvering tasks is directly dependent

on the stability characteristics of the airplar.c (Figure 1).
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O INITIAL POSITION

— —— INITIAL MOVEMENT

; FINAL POSITION

FIGURE |

CONTROL MOVEMENT REQUIRED IN CHANGING

FROM ONE STEADY STATE FLIGHT CONDITION
TO ANOTHER

{A) STABLE AIRPLANC

{8) WEAKLY STABLE AIRPLANE
¢ (C) NEUTRALLY STABLE AIRPLANE
(00 UNSTABLE AIRCRAFT
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The reversed-translational control movements shown in (d) are never required
when the airplane possesses adequate stability; therefore, the nature of the control

movements required while maneuvcring the stable airplane are greatly simplified.

(Although Figure 1 uses the longitudinal or lateral cockpit controller as an example,'
the same analysis wouid, of course, apply to the directional cockpit control.) The
simplicity of control movements required in maneuvering the stable airplane
significantly reduces the pilot expenditure of effort devoted to directly flying the
airplane. Thus, he can devote more of his attention to mission tasks, which mav
involve placing weapons precisely on a target, or merely navigating from point to
point in space (Figure 2).

.

(A) OPTIMIZED STABILITY AND CONTROL CHARACTERISTICS

.
(8) PGOR STABILITY AND CONTRUL CHARACTERISTICS.
{MAY BE CAUSED BY LACK OF STABILITY, TOO MUCH
STABILITY, OR POOR CONTROL SYSTEM CHARACT-

ERISTICS).

(C)UNSTABLE
AIRPLANE

¥ PILOT ATTENTION DEVOTED TO MAINTAINING A REQUIRED FLIGHT
2 CONDITION (i.e.JUST "FLYING THE AIRPLANE")

PILOT ATTENTION WHICH CAN BE DEVOTED TO OTHER DUTIES
REQUIRED IN MISSION FULFILLMENT

FIGURE 2

TYPICAL PATTERNS OF PILOT ATTENTION AND
EXPENDITURE OF ENERGY REQUIRED AS FUNCTIONS
OF AIRPLANE STABILITY AND CONTROL. CHARACT~
ERISTICS.
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MECHANICS OF DYNAMICS

This section is designed to introduce the language ot and provide some

background for the dynamic stability discussions presented later.

THE SPRING-MASS-DAMPER SYSTEM

An airplane

in flight displays motion similar to the motion of a

spring-mass-¢amner system (Figure 3). The static stability of the airplane is

analogous to the spring; airflow interaction with the airplane components provides

damping and the moment of inertia of the airplane is analogous to the mass of the

spring-mass-aamper system.

SPRING K

MASS E

DAMPER Cc

7r7

AN AIRPLANE

W
' STATIC AIRFLOW
SPRING STABILITY DAMPER ,1":1 INTERAGTION
: MOMENT
%Wtfﬂ'%
STATIC AIRFLOW
SPRING £ ofaBiLiTY DAMPER f INTERACTION

FIGURE 3

IN FLIGHT IS SIMILAR TO A SPRING--MASS-—
DAMPER SYSTEM
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Of course, the motions of the airplane are much more complicated than the motion
of the simple spring-mass-damper system. However, the solution of the equation of
motion for the spring-mass-damper system provides a useful analogy to the solution

of the equations of motion of the airplane.

The homogeneous form of the second order linear differential equation of

motion of the spring-mass-damper system may be written:
My + Cp + Ky =0
where: M = mass of the body

C = damping constant, a measure of the strength of the

viscous damper.

spring constant, a measure of the stiffness of the spring.

displacement of the mass from an equilibrium position.

velocity of the mass.

<L Secs X
f

= acceleration of the mass.

®

The characteristic equation is of the following form (a trivial solution has been

neglected):

)
'

A +§.A+

X =
n
(=)

This characteristic equation yields two roots which may be written es follows:

2
C C
‘27w Lfw

x| =

It is interesting to study the characteristics of these roots as the value of the
spring constant, K, is increased from zero. The movement of these roots may be
graphically shown on the -omplex plane. The significance of the positions of the

roots is shown in Figure 4.

1-14
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FIGURE 4

= - THE COMPLEX PLANE

'_-:: As the spring constant is increased from zero, the movement of the roots is
p shown in rigure 5. As long as the damping of the system is predominant, i.e,,
[jl; (C/2M)2 > K/M, the roots will lie along the real axis and the motion of the sysiem

is described as aperiodic or deadbeat subsidence {the system is overdamped). When

K/M = (C/2M)2 the roots meet at point A on the real axis. The value of the

damping of the syste.n at this point is called critical damping, CCrit-

C = M K/M

Crit
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REAL AXIS

FIGURE 5
EFFECT OF INCREASING SPRING CONSTANT

When the roots are positioned at point A, the motion of the system is still described
as apericdic _or deadbeat subsidence. However, it is on the verge of becoming
oscillatery, i.e., it is gritically damped.

If the spring constant is increased further such that K/M > (C/2M)2, the

solutions 1o the equation of motion are composed of real and imaginary parts. The

point A; the real pait remains constant and as K iincreases, the
imaginary part becomes larger. The motion of the system is ncw gscillatory and the
frequency increases as K increases. However, for all values of K, the motion is

damped after the disturbiing force is removed.

" The spring-mass-damper system is a second-order_system since its describing

differential equation contains the dependent variable () and the first and second

derivatives of the variable. The measure of the strength of the system to seek an

I-16
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equilibrium condition is calied the system stiffness and is the square of the system
frequency when damping is not present. This frequency is called the undamped

natural freouency wp. of the system. (It is usually a computed number since most

systems have damping and the measured system frequency will be the damped .
natural frequency, wy.) The undamped natural frequency for the

spring-mass-damper system may be expressed as follows:

w = ,/ K
n M
The legree of dynamic stability ot a second order system is generally expresse-!

in terms of the system damping ratio, .. It is the ratio of the real system damping

constant to the damping constant which would make the system gritically dampe:’.

These roots plotted on the complex plane are shown in Figure 6. Several

important relationships are also presented.
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\)’ . REAL AXIS

FIGURE 6
RELATIONSHIP OF POSITION OF ROOTS ON COMPLEX
PLANE TO MOTION CHARACTERISTICS

RESPONSE GF A SECOND ORDER SYSTEM TQ A DISTURBANCE

The response of a second order system to a disturbing foice which is
instantaneously applied (step input} is shown in Figure 7. In this case, the motion is
convergent to a steady state or equilibrium condition. The ‘‘quickness’” of the
response depends mainly on the undamped natural frequency of the system and the
oscillatory nature of the response depends on the damping ratio. The amplitude of

the steady state value of the response is quite dependent on the square of the

undamped natural frequency or the system_stiffness. The greater the system
stiffness, the smaller is the steady state value of the response, if other factors remain

constant.
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The response of the second order system shown in Figure 7 is commonly called a
“second order response,”’ i.e., the response exhibits some oscillatory motion before
reaching an equilibrium condition. If the damping ratio of a second order system is
| increased to a sufficient level, the response of a second order system may appear 1o
be a ‘“first order response,” i.e., the response builds up smoothly to a stea’ly state
with no oscillatory motion (Figure 8). The time required to reach 63.2 percentof a

I steady state first order response is called the motion time constant, .
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TYPICAL FIRST ORDER RESPONSE

ANALYSIS OF SECOND ORDER RESPONSES

There are various methods for determining the characteristics of second order
responses. The graphical methods presented herein are fairly simple and are

considered to be of sufficient accuracy for most flight test work.

If the system exhibits a damping ratio less than about 0.5, the osciliatory motion

will be significant enough to measure a half-cvcle amplitude ratio and determine the

damping ratio as shown in Figure 9. The undamped natural frequency may then be

computed as follows:

hiy

W = —

n
ATl ./f - r_z

where ATq = time between the first two peaks, i.e., the time required for the tirst

half-cycle.
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If the system is heavily damped, determination of the motion parameters is more
difficult, From a practical tlight test standpoint, the pifot will probably not be able
1o detect visually any oscillatory tendency if the damping ratio is greater than 0.5.
Therefore, it may suffice to call the motion “essentially deadbeat” in that case. )
However, if sufficient instrumentation is irstalled, the method shown in Figure 10
may be used to determine approxiiate values for damping ratio and undamped
natural trequency. One of the most frustrating problems in the analysis of very
heavily damped responses is the detecticni and selection of the proper ‘peaks’’ of the
response curve. For the analysis shown in Figure 10, the first two response peaks

after the control input has reached steady state should be used.
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Other parameters used to describe the characteristics of second or-er responses

include the following:

Tq/2 = time in seconds for the motion to subside to hali its amplitude.
Ty = time in seconds for the motion to double its amplitude.
C1/2 = gycies required for the motion to subside to half its amplitude.
Co = cycles required for the motion to double its amplitude.

These parameters may be determined by the method shown in Figure 11 or

Figure 12. (In determining certain flying qualities specification requirements, the

parameters __ 1  and Cq/10 are often utilized.)
Ci/2

Py
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AIRPLANE MOTION

The airplane in fiight is a complicated dynamic system with six “‘degrees of
freedom,”’ or possible components of motion. However, for the simplified study of
airplane dynamics, the motion of the airplane is considered to be restricted to a
“plane of symmetry” and a “plane of asymmetry”  with no “interaction” or
“cross-coupling’’ between the planes of motion. Motion in the plane of symmetry is,
of course, longitudinal motion; motion in the plane of asymmetry is
lateral-directional motion. By separating the study of airplane dynamics in this
manner, the analysis is greatly simplified and yields quite ezuurate results for most

flight conditions. The effects of “cross-coupling” can be studied separately for

special flight conditions.




The characteristic equations of motion for the longitudinal and
lateral-directional cases are fourth order linear differential equations. At present, let
it suffice to say that the difficulty in solving thes¢ equations by ‘‘normal”
procedures is considerable. However, by use of an operational cafculus technique
called ‘“Laplace Transformations,” the solution can be determined quite easily. The
equations of motion will not be derived in this text: nor will a great deal of the
mathematical manipulations required to solve the equations be presented. These
derivations and mathematical manipulations can be found in appropriate literature

and will be presented in the academic syHabus of the U. S. Naval Test Pilot School.

The classical solution of the longitudinal characteristic equation for the airplane
yields four roots having real and imaginary parts. Normally, these roots form
“‘complex pairs’’ which describe two second order modes of rotion - the airplane

short period mode and the long period or “phugoid’’ mode,

The lateraldirectional characteristic equation also yields four roots for the
classicai case. Two of tihe roots have real and imaginary parts and form a complex

pair which describe a second order mode of motion commonly called the “Dutch

roll mode.’” Two of the roots have only real parts. One of the real roots describes an

essentially first order, heavily damped motion - the “roll mode.’” The second of the

real roots describes another first order motion which may be convergent, divergent,

or neutrai. This mode of motion is called the “‘spiral mode.”




INFLUENCE OF FLIGHT CONTROL SYSTEM
ON FLYING QUALITIES

beyond the scope of this text. However, some brief discussion of control system

influence on the pilot’s opinion of the airplane is appropriate.

All airplane flight control systems may be placed into one of the following three

categories:

1. Manual Control System: The pilot deflects the appropriate control surface

through direct. mechanical connections between the cockpit control and the
aerodynamic contro! surface. The pilot force required is a function only of
control surface hinge moments developed and pure mechanical design of the
control system. No hydraulic, pneumatic, or electrical power boosting is
employed. For control systems of this type, extensive use is made of
aerodynamic and mass balancing and geared, spring, and servo tabs. Other
control systern ‘‘gadgetry” such as springs and bob weights may also be

employed to improve basic airplane characteristics.

2. Power-Assisted Control Systems: The pilot deflects the appropriate control

surface by direct mechanical cornestions bet
the aerodynamic control surface. However, a suitable power unit (usually
hydraulic) is appropriately placed in the control system to assist the pilot in
moving the control surface. The pilot force required is thus a function of the
ratio of power assisi provided or “boost’ as well as control surface hinge
moments developed, Again, extensive use may be made of aerodynamic and
mass balancing geared, spring, servo tabs, and other control system

‘‘gadgetry."”’

i-28

A rigorous discussion of the numerous flight control system design concepts is )




- 3. Fully Power- ra ontrol ms: Through cockpit control
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deflections, the pilot positions a valve of a power unit; the power unit in
turn positions the control surface proportional to the pilot's cockpit control

input. The pilot force required is purely a function of cockpit control

deflection and does not depend on control surface hinge moments. [t is
apparent then that an artificial feel system must be provided to give the pilot
the normal control force variations. Extensive use is made of springs, bob
! weights, dynamic pressure sensors, dashpots, and other electrical,

mechanical, or hydraulic devices in order to provide satisfactory stability and

contro!l characteristics.

The 'manual and power-assisted control systems are reversible control systems;

el

j.e., the pilot receives some control force feel by virtue of the hinge moments
developed when the aerodynamic control surface is deflected. The fully
power-operated control system is an _rreversible control system; i.e,, the pilot

receives no control force feel from the development of control surface hinge

moments.

4 ——— 7,
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m No matter what type of flight control system is utilized, the requirements placed
e, ‘ on the flight control system remain the same. The control system must give the pilot

S the ability to make simple and unhindered control deflections in any direction.

Control deflections and forces required for m i€ st be
» commensurate with the mission of the airplane, the structural limits of the airplane,
[ and pilot strength limitations. The controls must exhibit good centering when
released and must exhibit no tendency toward lightly damped or undamped free

oscillatory motions. There shouid be no noticeable lag between the deflections of

the cockpit controls and the movement of the corresponding controt surface.




Since the flight control wystem is the implement by which the pilot is “‘mated”
to the airplane, the importance of goad control system characteristics cannot be

overemphasized. The control system must be suitably matched to the stability,

control, and inertia characteristics of the basic airplane, and to the requirements of

the human pilot. Proper flight control system and basic airplane matching provide

the pilot with the opportunity to fully utilize the maneuvering capabilities of tha

airplane for maximum missiocn performance.




THE U. S. NAVAL TEST PILOT SCHOOL
DEMONSTRATION AND PROGRESS CHECK FLIGHTS

The U. S. Naval Test Pilot School uiilizes actual flight instruction in the ~
techniques of stability and control testing. At the beginning of each new phase of
study, students are exposed to actual flight test techniques and methods through

Demonstration Flights. At the completion of rach phase, students demonstrate their

proficiency in that phase of flight testing during Progress Check Flighis. The purpose

of the Demonstration Flight is to prcvide instruction in stability and control test
techniques in a realistic environment; whereas the purpose of the Progress Check
Flight is to evaluate the student’s progress and render additional instruction in

troublesome areas.

THE DEMCNSTRATION FLIGHT

The Demonstration Flight will be preceded by thorough briefings which will
preseni background theory, test techniques, analysis of test results in terms of
mission accomplishment and specification requirements, ar.i data presentation
methods. It is the student’s responsibility to prepare for the Demonstration Flight
by thorough review of briefing notes, appropriate technical literature, and relevant
specifications. Thorough preparation is essential for derivation of maximum benefits

from this flight.

The performance and maneuvering longitudinal stability demonstration
flights are flown in any of the school's jet fleet. The Lateral-Directional and

Nonmaneuvering Longitudinal Stability demonstration flights are usually

flown in an airplane with side-by-side seating. One or more students and one




- instructor comprise a normal flight crew with the students sharing equally in

] airborne instructional time. Since the students may not be qualified in the
demonstration airplane, the instructor pilot usually handles all normal
preflights, ground operations, takeoffs, and landings. The students are not
required to know the demonstration airplane from an operational standpoint.
During the actual instructional phase of the flight, the instructor will
demonstrate both qualitative and quantitative test techniques, use of special

I instrumentation, and data recording procedures. After the student has
observed and understands each techniquc, he is given an opportunity to
practice until attaining a reasonable level of proficiency. Throughout the
Demonstration Flight, the instructor will discuss the significant of each
test, implications of certain characteristics exhibited, and slight variations
in the test techniques which would be appropriate in other type airplanes.

I_ The student is encouraged to ask questions during the progress of the flight. "_A'
Many points are made yperfectly clear in only a few seconds in flight; tc
accomplish the same on the ground would probably require several minutes.

! A thorough postflight discussion between instructor and students completes

the Demonstration Flight. During the debrief, the data which were obtained

on the tlight is plotted, discussed, and analyzed.
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* instructor comprise a normal flight crew with the students sharing equally in

airborne instructional time. Since the students may not be qualified in the

demonstration airplane, the instructor pilot usualiy handles all normal

preflights, ground operaticns, takeoffs, and landings. The students are not

required to know the demonstration airplane from an operational standpoint.
During the actual instructional phase of the flight, the instructor wiil
demonstrate both qualitative and quantitative test techuniques, use of special
instrumentation, and data recording procedures. After the student has
observed and undersiands each technique, he is given an opportunity to
practice until attaining a reasonable level of proficiency. Throughout the
Demonstration Flight, the instructor will discuss the significant of each
test, implications of certain characteristics exhibited, and slight variations
in the test techniques which would be appropriate in other type airplanes.
The student is encouraged to ask questions during the progress of the flight.
Many points are made perfactly clear ir only a few seconds in flight; to
accomplish the same on the ground would probably require several minutes.
A thorough postflight discussicn hetween instructor and students completes
the Demonstration Flight. During the debrief, the data which were obtained
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The student is required to plan the flight completely, giving due
consideration to a real or simulated mission of the airplane and appropriate
specification requirements. The student conducts the flight briefing, which
must include a definition of the mission and a brief description of the flight -

control systew, as well as discussions of test techniques and specification
requirements.

As the student demonstrates his knowledge of qualitative and quantitative test
techniques in flight, he is expected 10 comment on the importance and meaning of
the tests with respect to the real or simulated mission. The instructor will comment
on validity of the results obtained, errors or omissions in test procedures, and may
demonstrate variations in test techniques which have not been previously
introduced. The student will be expected to investigate qualitatively the
pilot effort required in the performance of a typical mission task. This task
may be a tracking maneuver or ground controlled approach; i.e.; some task
which requires precise control of the airplane. The student will be asked to

rationalize the reasons for the simplicity or difficulty of the maneuver

during the debrief following the flight.

The debrief cansists of the student discussing and analyzing the results of the
in-flight tests. The analysis must be oriented toward the influence of the

characteristics exhibited on the mission gffeciiveness of the airplane.

6!







STALLS I

SECTION Il
STALLS

STALLS i




o

FJ

Il STIVLS

® ey




T d e T T
] et
. £, CHE ST P

o

e
PRI
LA

Tl

STALLS
TABLE OF CONTENTS

INTRODUCTION

THEORY
WING DESIGN
Wing Section Characteristics
Wing Planform Characteristics
Effects of High Lift Devices
HORIZONTAL TAIL DESIGN AND LOCATION
ACCELERATION
POWER
STABILITY AND CONTROL AUGMENTATION
MISCELLANEQOUS FACTORS
CHARACTERISTICS WHICH MAY LIMIT
MINIMUM STEADY AIRSPEED
Loss of Control Without Reduction of Lift
Lack of Longitudinat Contiol Efiectiveness
“Zero Rate of Climb Speed”
STALL WARNING AND STALL PREVENTION
DEVICES
Artificial Stall Warning
Artificial or Autornatic Stall Prevention

TEST PROCEDURES AND TECHNIQUES
PREFLIGHT PROCEDURES
FLIGHT TEST TECHNIQUES
The Controlled Stall Test Technique
Approach to the Stall
rully Developed Stail
Stali Recovery
Profiie of the Controlled Stall Test Technique
Alternate Technique for Accelerated Stail
Investigations
Simulated Inadvertent Stalls
PCSTFLIGHT PROCEDURES

Page
iii

111
-1
H-1
H-4
-9
-1
-5
17
11-18
n-23

1-24
11-25
i1-26
11-26

11-28
11-28
11-30

11-32
1-32
11-35
1-35
11-35
11-38
11-39
11-40

(1-44
1144
11-45




Page
| SPECIFICATION REQUIREMENTS 1147
: STALLS - GLOSSARY OF DEFINITIONS 1150
| STALLS - LIST OF REFERENCES 1152
|‘
| 3.
t
I. b
‘ A“
|
L <
! X
:, oA
|




INTRODUCTION

All airplanes are subjected to stail investigations for the following reasons:

1. Safety and operational considerations.

2. Actual flight tests are the only means of precisely determining stall

characteristics,

3. Expansion ot the operational flight envelope,

4. Determination of trim airspeeds for future tests,

The investigation of stall characterisitcs is a phase of flying qualities which is
difficuit 10 associate with particuiar Rijot tasks, There are no total missions in which
stalls are required for mission accomplishment, aithough pilot training and
familiarization in stall characteristics are considered an essential phase of the tragining
mission. However, all airplanes will be stalled at one time or another in operational
use if sufficient longitudinal control is available and if no stall prevention device is

installed. Therefore, stall tests are an integral part of any flying qualities program.

The emphasis placed on the stall investigation depends on the tota! mission of
the airplane. If mission accomplishment involves a great deal of maneuvering, the
pilot is very likely 1o inadvertently stall; therefore, a thorough stall investigation
must be carried out. If mission accomplishment involves a minimum of maneuvering,
the pilot is not likely to inadvertently stall; therefore, the stall investigation may be

less stringent.




.

Stall investigations encompass both normal and agcelerated stalls. The normal
stall is defined as a stall which occurs while the airplane is in an unaccelerated flight
condition. The accelerated stall is defined as a stall which occurs while the airplane is
in an accelerated flight condition, such as a pull-up or a level turn, Accelerated stalls
usually exhibit more violent characteristics than normal stalls; therefore,
normai stalls should be investigated thoroughly before commencement of
accelerated stall tests. The total mission of the airplane dictates where the
primary emphasis is placed during the stall investigation. For the airplane
which will be maneuvered extensively, primary emphasis must be placed on
accelerated stalls whichk could result from mission tasks. If mission
accomplishment involves a minimum of maneuvering, primary emphasis
should be placed on normal stall characteristics. The large passenger,
transport, or heavy bomber type airplane will most likely be inadvertently
stalled in unaccelerated flight during transitions associated with

instrument departures or apprcaches.

Normal and accelerated stalls may be further classified as “positive g or
“negative g" stalls, This discussion of stall characteristics will be concerned only

with “‘positive g”’ normal and accelerated stalis because:

1. Normal “negative g” stalls are difficult to obtain in most operationai
p

airplanes due to insufficient longitudinal contro! effectiveness.

2. Precise pilot technique is required to perform ‘“‘negative 9"’ accelerated

stalls (stalls entered at less than -1.0g).

3. Pilor discomfort discourages entry into ‘‘negative g’ normal or accelerated

stails.
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“Negative g”' normal and accelerated stalls may be investigated in a build-up

program for spin testing, which will be discussed in a subsequent section,

Normal and accelerated stall characteristics indirectly affect mission
performance of the pilot - airplane combination. Satisfactory stal! characteristics
greatly increase pilot confidence in his airplane. When assurance can be provided
that violent departures into uncontrolled flight will not result from inadvertent

stalis, the pilot will utilize fully the maneuvering capabilities of the airplane for

maximum mission effectiveness.




THEORY

The classical stall may be defined as a condition in which the airplane wing is
subjected to an angle of attack greater than the angle for maximum lift coefficient,
Stall speed can be defined as the minimum steady airspeed attainable in
unaccelerated flight or the minimum usable airspeed. However, characteristics

"im.exhibited by many airplanes in the region of the stall preclude attainment of the
classic aerodynamic stall. These characteristics vary widely among different airplanes
and are greatly affected by a multitude of factors. The maior factors affecting stall
characteristics are discussed herein. A resumé of stall warning and stall prevention

devices is also presented.

WING DESIGN

Wing Section Characteristics

Wing section design determines the value of the maximum lift coefficient, the
angle of attack at which it is achieved, and the rate of change of lift coefficient with
anjle of attack in the region of the stall. The most influential wing section
parameters are the wing thickness and position of maximum thickness, the amount

of camber, and the leading edge radius.

The influence of airfoil thickness and camber on maximum lift coefficient is
ouite pronounced. A thin symmetrical airfoil (thickness ratio less than .08) has such
a small leading edge radius that large adverse pressure gradients induce leading edge
flow separations at low angles of attack. The thick (thickness ratio greater than ,12)
or highly cambered airfoil creates large adverse pressure gradients near the upper

surface trailing edge which causes separation near the trailing edge at low angles of

attack. An airfoil of moderate thickness {thickness ratio from .08 to .12)and camber




------

may exhibit a tendency for separation to occur simultaneously at both leading edge
and trailing edge (Figure 1). {(Note: Positive cambering of a thin symmetrical airfoil
generally reduces the tendency for early separation and increases maximum lift
coefficient. However, too much cambering of thick sections ¢an produce the adverse

characteristics discussed above.)
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E The type of section stall has a great deal of influence on stall characteristics. |f
: separation occurs first near the trailing edge of the airfoii, the soread of separation
i forward is fairly slow and gradual until the maximum lift coefficient is attained. This
l type of separation progression indicates that the lift curve would exhibit a smooth,
! gradual change in slope near the stall, aithough the stall would be rather

well-defined. An airplane having this type of lift coefficient - angle of attack
relationship would prohably exhibit satisfactory stall warning and a well defined

aerodynamic stall (Figure 2).
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The second iift curve of Figure 2 also exhibits a well-defired peak, however, the
peak is follcwed by a very rapid, even discontinugus, decrease in lift coefficient for a
smail increase in angle of attack. This type of lift curve can result from leading edge
flow separation spreading rapidly aft on the airfoil or simultaneous Ieadiné
edge-trailing edge separation. The airplane with this type of lift curve would exhibit
little or no aerodynamic stail warning and a sudden, abrupt stall. This stall may be
quite violent because the sharpness and discontinuity of the lift curve indicate that
one wing can easily stall prior to the other generating rolling motion at the stall. This
"asymmetric’’ stall can be caused by small difference in wing sections along the snan
or small differences in local flow direction due to vertical gusts or yawing motion. {n
any case, the downgoing wing experiences an increase in angle of attack, whiie the
upgecing wing experiences a decrease. This situation ray result in aucorotation, a
motion in which the rolling is self-sustaining and which may result in the airplane
entering a spin. The abrupt, “asymmetric’’ stall tendency may be overcome by
increasing the radius of the leading sdge of the wing and/or by cambering the wing
judiciously. |f this approach is not practical, some improvement in stali
characteristics may be realized by installing devices on the wing leading edge to
introduce turbulence into the boundary layer. However, this correction is usually a

“trial and error’’ process,

Wing Planform Characteristics

Wing planform desian influences the slope of the lift curve - angle of attack
relationship, downwash pattern, and the portion of the wing span which stalls first,

The most influential planform paramters are aspect ratio, sweep, and taper.

i-4
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‘ ~ The slope of the lift curve at airspeeds near stall is determined primarily by

|

B aspect ratio and sweep angle. An increase in aspect ratio1 increases the slope of the
lift curve, while an increase in sweepback decreases the slope (Figure 3).

! The slope of the lift curve influences the angle of attack and pitch attitude at
which the aerodynamic stail is encountered. If the slope of the lift curve is shallow,
the angle of attack for the stail may be attained only at a very high airplane nose
attitude and with a very large rate of descent. Furthermore, adverse stability and

I control characteristics may be encountered before the attainment of the maximum
lift coefficient. Therefore, airpianes with low aspect ratio and highly swept wings
generally do not exhibit a true aerodynamic stall and a ““minimum flying speed”

. would be determined based on other criteria,
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T;ownwash is the unavoidable result of lift productior by a real wing. !t reduces

the angle of attack at which individual wing sections operate (Figure 4).
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FIGURE 4
DOWNWASH INFLUENCE ON SECTION ANGLE OF ATTACK

The spanwise distribution of downwash dictates the section angle of attack and
hence the section lif{-coefficiznt distribution along the span. This distribution is

extremely important because of its influence on the part of the span to first reach a

3

stalled condition. The spanwise downwash distribution depends on wing taper and
sweep, if the wing has zero twist and the same section from root to tip. As the
degree of taper incre: 'es, the area of first stall on the span moves from root to tip
{Figure 5). An increase in sweepback has a similar effect as the increase in taper. The
tendency of the wing to stall first at the tips seriously derogates stall characteristics.
While the root stall is generally preceded by buffeting of the fuselage and tail cau:sed
by turbulent air shed from the root section, the tip stall generally occurs with little
or _no stall warning, Since the lateral control surfaces are usually positioned near the

wing-tips, 10ss of roll conirol is often exoerienced when the stall occurs first at the

tips.
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TYPICAL INFUENCE OF WING TAPER ON STALL.

The swept wing has an inherent tendency toward tip stall because sweepback
changes the spanwise downwash distribution such that the wing area near the tip

operates at larger section_anales of attack than other wing areas. This generates a

pressure gradient along the span of the wing with pressure decreasing from root to
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tip. As a consequence, considerable spanwise flow of the boundary layer occurs.
This spanwise flow from root to tip may be considered a form of “natural”
boundary-layer control for the inboard area of the wing and increases the already
inherent tendency toward tip stall. (Note: It should be remembered that spanwiée
flow occurs on any wing planform. However, the swept wing is particularly prone to

spanwise flow.)

Tip stalling of the swept wing results in an additional factor which tends to
derogate stall characteristics. Since sweepback places the tips aft of inboard sections,
tip stalling precipitates a forward shift of the wing center of pressure. This causes the
wing to become more longitudinally destabilizing; if the destabilizing influence is
greater than the stabilizing influence of of the horizontal tail, the airplane tends to
pitch nosg-up at the stall, This characteristic makes the airplane prone to inadvertent

stalling and ““deep stall”’ penetrations.

There are several means by which tip stalling tendencies may be decreased or
eliminated. The most common are listed below, They may be used singly or in

combination,

1. Twist: The wing is gradually twisted from root to tip so that outboard

sections are always at a lower angle of attack than inboard sections

2. Incorporation in the wing tip area of an airfoil section of higher maximum

lift coefficient than inboard sections,

&)

Wing tip slots or slats: Spanwise passages near the ieading edge to delay

separation at high angles of attack.




4, Wing tip vortex generators: Small spanwise airfoils which introduce a

higher energy level in the boundary layer.

5. inboard stall strips: Spanwise leading edge protrusions which cause flow

separation at the wing root at high angles of attack.
6. Fences: Thin chordwise strips which inhibit spanwise flow.

7. Leading edge discontinuities: A device which create a vortex just above

the wing surface to inhibit spanwise flow,
Effects of High Lift Devices

High lift devices are used to increase the maximuin lift coefficient of the wing,
allowing stall-free flight at slower airspeeds, Their main influence on stall
characieristics is indirect. With high lift devices operating, the airplane stalls at
slower speeds; therefore, the effectiveness of the aerecdynamic controi surfaces for
controlling airplane attitude in the stall region is weakened, in addition to this
indirect effect common to all high lift devices, some direct effects of particular

devices are discussed below,

Flap deflection changes the spanwise distribution of dowriwash and hence the
section angles of attack. This change in section angles of attack may cause

significantly different stall characteristics when flaps are deflected.

Boundary layer control (BLC) tends to change the shape of the lift curve near
stalling angles of attack (Figure 6). The sharper peaks of the lift curve, when

boundary layer control is used, make the stall more abrupt and alsc create
the tendency for an abrupt roll at the stall. In addition, a very large

reduction in angle of attack may be necessary to effect stall recovery

H-9
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Slots or slats may be used to improve airflow conditions at high angles of
attack. One means of utilizing these high lift devices is through use of the
“automatic slot.”” The automatic slot is a slot in the leading edge of the wing created
by the movement of a slat which is retained in the leading-edge contour of the wing
at low angles of attack, but extends to create the slot as the staliing angie of attack is
approached. The slats operate without action by the pilot and, unless design
precautions are taken, have an inherent tendency to extend and retract
asymmetrically. Leading edge slats have exhibited an annoying propensity toward
ccelerated ctalls, In thic flight regime,
their asymmetric extension may generate violent, uncontrollable rolling motion.
Asymmetric extension can be eliminated by incorporation of slat interconnects or a

hydraulic device to hold the slats on the leading edge of the wing until the landing

gear or tlaps are extended.




HORIZON IL DESIGN AND TION

Harizontal tail design and location have a major influence on stall
characteristics. Since the contributions of the fuselage and wing to longitudinal
stability are generally destabilizing in the stall region, the horizontal tail must
provide the necessary stabilizing pitching moments if the airplane is to remain
longitudinally controllable., The vertical logation_of the horizontal tail with respect
1o the wing is of extreme importance for this dictates the airflow characteristics at
the horizontal tail at high angles of attack, A rigorous discussion of all possible
vertical tail locations and associated influences on stall characteristics is beyond the
scope of this text, However, two examples are presented to demonstrate the

problems which exist.

First, consider an airplane design which incorporates a harizontal stabiliz
mounted low on the empennage. At low angles of attack, this tailpiane is immersed
in airflow which has been altered by the wing (Figure 7). However, at low angles of
attack, there is little loss of stream velocity behind the wing, although the stream is
deflected downward by the downwash angle. The horizontal tail, therefore,
maintains its effectiveness at low angles of attack since the flow field is not too
greatly disturbed. As the angle of attack is increased, airflow begins to breakdown
on ihe wing aid ivading distribution and associated changes in downwash océur. The
wake behind the wing becomes more and more nonstreamlined and turbulent. Very
low values of dynamic pressure may exist over an extensive region aft of the wing. If
the angle of attack is increased sufficiently, a complete breakdown of flow spreads
over the entire wing and the stall occurs. However, if the horizontal stabilizer is

mounted low on the empennage, the stabilizer emerges from the wing wake at high

angles of attack (Figure 7). This causes the horizontal tail to maintain a strong

longitudinally stabilizing influence at the stall, generating large nose-down pitching
moments, In addition, the longitudinal control surface maintains a high degree of
effectiveness throughout the stall, allowing the pilot close control over pitch

attitude.
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TYPICAL FLOW PATTERNS ABOQUT THE LOW- : Q.
MOUNTED HORIZONTAL TAIL

The placement of the horizonta! stabilizer high up on the vertizal fin {T-tail) has
become increasingly popular in recent years, particularly for passenger and transnort
airplanes. With the appearance of aft fuselage mounted engines {which allowed a
structurally simple and aerodynamically clean wing), the horizontal stabilizer was
placed higher to avoid interference flow and structural fatigue from gngine exhaust.
The T-tail also realizes other advantages such as an increase in effectiveness at low
angles of attack since, in that flight regime, it does not operate in the wake of the
wing. In addition, it has an “endplate effect”” on the vertical tail, and thereby
increases the effectiveness of that surface, Unfortunately, the T-tail design causes

severe problems at high angles of attack, particularly at stalling angles of attack.
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Insight into the T-tail stall problem can be gained by a study of Figure 8. At
low angles of attack, the T-tail receives little or no influence from the downwash
caused by lift production of the wing. However, as the airplane is rotated to higher
and higher angles of attack, the high mounted horizontal stabiiizer is moved closér
and closer to the now nonstreamlined, turbulent wake from the wing. in the region
of stall, the T-tail may be engulfed in the wing wake; this results in a drastic
reduction in horizontal tail and longitudinal control effectiveness, The reduction in
stabilizing effect from the horizontal tail causes a severe pitch-up tendency which
the pilot may not be able to counteract even by applying full nose-down
longitudinal control. This stall, from which recovery is impossible without an
unconventional recovery technique or a “‘recovery augmentor,’” such as a tail
parachute, is referred to as a “‘super stall’”’ or “deep stall” and has been experienced

by T-tail aircraft flying at an aft center of gravity position.
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FIGURE 8
TYPICAL FLOW PATTERNS ABOUT THE T- TAIL

The problem of the T-tail entering disturbed airflow at high angles of attack can
be complicated by aft mounted engine nacelles {Figure 9). The associated increase in
airflow disturbance may increase the severity of the loss in horizonta! tail

effectiveness or cause the loss in effectiveness to occur at lower angles of attack.
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FIGURE 9

AFT-FUSELAGE MOUNTED ENGINES COMPLICATE

THE T-TAIL AIRFLOW DISTURBANCE AT HIGH
ANGLES OF ATTACK

L)

If an airplane experiences a “‘deep-stall” or “super-stall’” problem, it may be
necessary to incorporate a siall prevention device, such as a “’stick-pusher,”” Such
systems must be reliable and must not cause dangerous flight conditions if

accidentally activated during take-off or ianding. in stall testing an airplane which

may experience the “superstall,” it may be necessary to install ‘‘recovery

@“ augmentation” devices, such as tail parachutes or rockets mounted in the nose or

tail. The incorporation of an angle of attack indicator is absolutely essential for
these stall tests,

AGCELERATION

Maneuvering produces an effect on stall speed which is similar to the effect of

weight. As an example, an airplane in a steady level turn requires a higher lift

coefficient. thus increased angle of attack, for a given airspeed; therefore, stall speed
is higher in leve! turning flight.



where: Vg = true stall airspeed in feet/seconds
n = pormal acceleration in g
w = airplane gross weight in pounds

0 = air density in slugs/ft3

S = wing area in square feet

CLmax = maximum lift coefficient, dimensioniess

Since the maximum lift coetficient is dependent only on angle of attack for a

given configuration, the angle of @ttack at stall is the same for any value of normal

accgleration. Note: The effects of Neynolds imber and Mach iumber oo
. . . n . . . . ¢ -
maximum lift coefficient are neglected here to simplify the discussion. \0.—

Accelerated stall characteristics are more violent than normal stall
characteristics for a given configuration because the accelerated stall always occurs

at_a higher airspeed and may occur at a much higher rate of entry. Adverse

characteristics noted during normal stalis are magnified by the increased airspeed at
the accelerated stall. Therefore, accelerated stalls should be investigated with

caution, Rigorous normal stail tests must precede any accelerated stall evaluation.

Accelerated stall warning may vary with rate of entry into the stall. Rapid
rotations generating rapid increases in acceleration (greater than one g per second)
may result in virtually no aerodynamic stall warning. Rapid rotations may also result

in abrupt accelerated stalls at indicated angles of attack less than actual angles of

attack due 10 lag in the angle of attack indicator.




If operational considerations require that the airplane be flown well into the
buffet regime to obtain optimum turning performance, airframe buffer may lose
significance as accelerated stall warning unless there is a noticeable increase in buffet
intensity just prior to the stall. This situation may result in other pilot cues being

used for accelerated stall warning,

Poststall gyrations may be induced by intentiorally maintaining an accelerated
stall condition. The pattern and severity of the motions are generally dependent
upon the energy level (airspeed and altitude) at entry. The investigation ot poststall
gyrations is usually performed in a build-up program for a spin investigation,
However, these gyrations may be experiernced during intentional or inadvertent
accelerated stalls.

POWER

taal

The influence of power on stail cheracteristics depends upon the type, number,

location, and rating of the engine or engines installed.

If the airplane is equipped witk a jet power plant {or power plants}, the only
major effect of power will be that stall airspeed will be less with increased power for
a given configuration. Stall characteristics will be indirectly influenced in this
situation in that the airplane response to pifot control inputs will be lessened at

lower airspeeds.

The stall characteristics of airplenes equivped with recinrocating or turboprop

zngines may be greatly influenced by the power setting existing at the rtai'.




if the wing is partially or completely immersed in the propeller slipstream, stall
speed will vary markedly with power setting. Fulli power stalls may occur at
extremely low airspeeds and the weakenad effectiveness of the control surfaces at
these low speeds may severely degrade stal! recovery characteristics. Full power
DT stalls in airplanes of this type must be approached with due caution. {f the control
surfaces are immersed in slipstream, the sffectiveness of the surfaces will vary with

the amount of power cutput,

I The high powered, single-engine, single-rotation propatler airplane may exhibit a
severe “‘torque-roll” tendency if power is applied rapidly at low airspeeds in the
region of the stall. This characteristic may dictate a stall recovery procedure which
involves maintaining a fairly low power setting untii airspeed increases to a

predetermined value,

STABILITY AND CONTROL AUGMENTATION

: @

Stability arid control augmentation systems may introduce large control inputs

(independent of the pilot} at or near stalling angles of attack which may be
detrimental to sta!l characteristics. This will be mcst apparent if the augmentation

!.1 system possesses a high degree of sensitivity and control authority. For illustrative :
| purposes, two examples are presented which emphasize the possible influence of

these systems on stall characteristics.

The first example is extracted from accelerated stall tests of a light jet attack

- airplane equipped with longitudinal and lateral control augmentation and directional
|
‘,-: stability augmentation. The time history of an accelerated stall which was aggravated
hl by the roli damper mode of the control augmentation system is shown in Figure 10. 3

The stall was entered from a left turn with 2g normal acceleratior:; approach to the

stall was characterized by increasing airframe buffet. Just prior to the stall (at 8 e
b.

i-18




seconds on the time history), note that the pilot was required to hold right aileron
position to keep the airplane from entering a tighter left turn. The stall was marked

by a “directional slice’” to the left, at which time the pilot neutralized the controls

(at 10 seconds on the time history). At this time, the roli damper portion of the
- control augmentation mode, sensing a left roll rate without a pilot control input,
! applied a large right lateral control input. Note that the cockpit control stick was
essentially neutral at this time. The aileron input of the roll damper was in the

pic-spin directior: and the airpiane entered a left spin, After approximately two i

twirns of the spin, the pilot deactivated control augmentation and effected recovery

by applying aileron into the spin, rudder against the spin, and full aft longitudinal
control,

PR
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The second example is extracted from normal stall tests of a twin-engine
turboprop transport airplane equipped with directional stability augmentation. This
augmentation system was composed of yaw damping, directional trim follow-up,
and a turn coordination feature. The time history ot a norral stall (Power approach
configuration) which was aggravated by the turn coordination feature of the
stability augmentation systern is showr in Figure 11, Power approach configuration
stalls in this airplane were characterized by abrupt rolls (note the bank angle change
at the stall). The turn coordination feature of the stahility augmentation sensed the
rolling motion and attempted to coordinate with a large left rudder input. Note that
about 10 degrees of left rudder deflection was introduced by the stability
augmentation systemn while the pilot was holding right rudder pedal deflection. The
large left rudder input increased the left bank angle and sideslip excursions and the
airplane entered a series of uncontrollable snaprolis. Recovery was initiated by

deactivating stability augmentation. During the recovery, airspeed and normal

acceleration {imitations of the airframe were exceeded.
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It should be erphasized that stability and control augmentation systems do not

always degrade stall characteristics. Some systems may have no influence; other

systems may have significant influence on airplane behavior in the region of the stall.

Knowledge of the various modes and functions and the control authority of the

augmentation system in the airplane being tested is essential if the stall investigation

is to be conducted rigorously and safely.

MISCELLANEOQUS FACTORS

Additional factors influencing the behavior of the airplane in the region of the

stall are listed below.

Location of Control Surfaces. If the control surfaces are immersed in low

energy separated airflow at the stall, the controllability of the airplane will
be decreased. The lateral control surfaces are particularly susceptible tc

immersion in separated fiow,

Configuration, The extension of wing flaps, wing leading edge slats, speed
brakes, landing gear, etc. will have some influence on stall characteristics.
This influence may be estimated by consideration of the location of
various devices in relation to control surfaces and stabilizers. Some
configuration changes, such as flap extension, may result in airframe buffet
which masks the prestall aerodynamic buffet, decreasing its value as a stall

warning.

External Stores. Stall characteristics may be altered by various
combinations of external stores. Asymmeiric store loadings may severely
degrade stall characteristics, particularly during accelerated entries, The
investigation of stall characteristics under asymmetric loading conditions
should be accomplished on any airplane which may carry asymmetric loads

in operational use.




4. Center of Gravity, Stall characteristics may te markedly influenced by

airplane center of gravity (CG) if the airplene exhibits a deficiency in

{’% jongitudinal control effectiveness, At forward CG positions in some
airplanes, nose-up longituding! control effectiveness may not be sufficient
to attain maximum lift coefficient. The minimum atiainable airspeeds for
m these airplanes would be marked by steady flight with full nose-up
N |

longitudinal control; minimum attainable speed wouid, of course, vary
with CG position, decreasing as the CG moves aft. At aft CG positions in
other airplanes, noese-down longitudingt control effectiveness may not be
w suhiicient to quickly reduce angle of attack after attaining the stall. This

situation would seriously compromise, and might preclude, stall recovery.

h.  Shock-Induced Separation. Shock-induced separation or a ‘“‘shock stail”
"‘,’; may cause the stall to occur at a lower angle of attack than might be

predicted through incompressible flow considerations. Tendencies toward
shock-induced separation would, of course, increase with increasing
subsonic airplane Mach number; however, shock stalls can occur at Mach
nuinbers well below the ‘‘normal transonic region.”” The phenomenon of
shock-induced separation may be particularly evident during accelerated

[ stalls,

CHARACTERISTICS WHICH MAY LIMIT MINIMUM STEADY AIRSPEED

the attainment of maximum !

For eome airnlaneg
For some airplanes
possible or feasible. This may be caused by a loss of directional control without a

reduction of lift, lack of longitudinal control effectiveness, or an extremely large

increase in drag coefficient.




Loss of Control Without Reduction of Lift

During approaches to normal or accelerated stalls, directional stability may be
reduced significantly through the deterioration of airflow around the vertical
stabilizer. At high angles of attack, the vertical tail may become immersed in
nonstreamlined, iow energy flow generated by flow separation on the wing and
interference eftects from aft-fuselage mounted engines, speedbrakes, or other

protrusions (Figure 12).

FIGURE 12
TYPICAL FLOW PATTERN AROUND THE VERTICAL TAIL AT
HIGH ANGLE OF ATTACK

The deterioration in effectiveness of the vertical tail generally results in
increasing yaw excursions with increases in angle of attack. The airplane may diverge
directionally prior to attaining maximum lift coefficient if the destabilizing action
progresses sufficiently. Directional divergence can be ''triggered’’ or aggravated by
lateral control inputs if these control inputs generate significant yawing moments.
High angle of attack directional divergence is sometimes referred to as "'slicing’’ and

would limit minimum steady airspeed and praclude attainment of the maximum lift

coefficient.
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Lack of Longitudinal rol Effecliv

The longitudinal control surfaces on some airplanes may not be sufficiently
effective to rotate the airplane to the angle of attack corresponding to maximum lift
coefficient. These airplanes are sometimes referred to as “‘elevator-limited’’ airplanes.
Minimum steady airspeed or maximum angle of attack in this situation is that which
is attained with fuil nose-up longitudinal control. Since elevator effectiveness is a
function of center of gravity (CG) position, stalling airspeed and angle of attack for

these airplanes will vary with CG position.

Zero_Rate of Climb Speed”’

The very low aspect ratic (iess than two) airplane exhibits practically no
aerodynamic stall; however, its minimum practical airspeed will be limited by
performance considerations, if not by adverse stability and control characteristics.
The variation of lift and drag coefficients for the low aspect ratio or “’slender delta’”

design gives insight into the probiem which may exist {(Figure 13),
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FIGURE 13

TYPICAL VARIATIONS OF LIFT AND DRAG COEFFI-
CIENT FOR THE LOW ASPECT RATIO AIRPLANE




. 5'\'::'--" While the lift curve exhibits no definite peak which would define maximum lift
'! coefficient, the drag curve may exhibit a tendency to slope upward sharply at high
) angles of attack. An angle of attack, corresponding to an airspeed, would be attained
atv which the airplane could not maintain a rate of climb with maximum engine

: power, This airspeed is defined as the ““zero rate of climb speed” (ZRCS). Of course,
! it will change with configuration, altitude, engine output, and gross weight. The only
hazard directly associated with flight at airspeeds less than ZRCS is loss of
performance. For example, if an airplane decelerates below ZRCS during the
I approach, a sacrifice in altitude (possibly a significant one) must be made in order
to execute a wave off, A disturbing feature of an airplane capable of steady flight at
airspeeds below that at which it has sufficient power to maintain level flight is the
long “‘settling time” needed to establish a final flight path, For instance, it may be
possible to fly at speeds slightly below ZRCS with a slight rate of climb for periods

aslongas 1 minute, The slight rate of climb is caused by the inertia of the airplane

as it settles down on its final flight path. The pilot might deduce that he is above

E t"‘\ ZRCS due to this phenomenon. However, he eventually finds that the
airplane begins a shallow descent. Increasing angle of attack at this stage
only increases the rate of descent and some height must be sacrificed for
recovery. Recovery from airspeeds below ZRCS can only be accomplished
E by pushing the noze over to decrease angle of attack, then reestablishing a

climb at an airspeed above ZRCS.

For some airplanes, ‘‘zero rate of climb sneed’”’ mav constitute the extreme

limit of safe flight, and operational speeds must be chosen which provide adequate

margins against accidental exposure to irrecoverable situations,




&

NOTE: It must be emphasized that ZRCS is expected to limit minimum
airspeed only for airplanes with very low aspect ratio and very slender wing designs.
Ouring stall investigations of any airplane, certain flight conditions will be
encountered where the airplane will be descending at significant rates;
such as landing configuration with idle power or power on stalls at high
altitude. However, the high rate of descent does not necessarily indicate a
minimum airspeed limit above aerodynamic stalling airspeed and should not
be reported as such. Whenever safety considerations permit, the stall

investigation should probe into the stall region as deeply as possible.

¢

STALL WARNING AND STALL PREVENTION DEVICES

Artificial Stall Warning

Airplanes which do not exhibit adequate aerodynamic stali warning, such as
airframe buffet, are frequently equipped with devices which detect the approach of
the stall and transmit a warning to the pilot. Artificial stall warning is, at best, a poor
substitute for aerodynamic stall warning since the detection device is never

absolutely reliable.

Any artificial stall warning system should satisfy the following requirements:

1. Thesvstem should be canahle of gtall
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configuration, airspeed, altitude, normal acceleration, sideslip, bank angle,
and power setting. In addition, the system should not be susceptible to
atmospheric influence, such as temperature and pressure variations,

precipitation, and icing.
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2. The warning provided the pilot should be unmistakable and sufficiently in
advance of the stall to allow avoidance of the stall without undue pilot

effort.

3. The system should he easy te maintain and easy to calibrate on the ground,

Some of the devices used to detect approach of the stall and their principle of

operation are listed below,

Table |

Summary of Stall Warning Devices

Device Pringiplr Qf Q, mrg;jgg_
e_‘ tree Floating Probe or Vane Airflow direciion (angle of attack)
T Drag Sensing Probe Airflow direction {angle of attack)
Differentia! Pressure Head Airflow direction (quantity proportional

to angle of attack)

Nuli Pressure Probe Airflow direction (angie of attack)
Leading Edge Tab Wing dynamic pressure

Trailing Edge Tab Wing dynamic pressure

Trailing Edge Pitot Tube Wing dynamic pressure

Pitot Tube With Local Spaoiler Wing dyramic pressure
Flush-Mounted Wing Port Static pressure at wing surface
Trailing Edge "‘Blister"’ Static pressure at wing surface

Boundary Layer Pitot Tube Baundary layer pressure fluctuation




The means by which the pilot is warned of the approaching stall may be visuai
(warning light), oral (sound in earphones), or physical (shaking or vibrating of
rudder pedals or control stick). The most suitablz artifical forms of cockpit warning
are probably the “'stick shaker’” and vibrating stick grip; these warning signals are

similar to aerodynamic buffeting of the controls and are difficult to misinterpret.

Artificial or Automatic Stall Prevention

For some airplanes, particularly large transport and passenger types, stalling
maneuvers may be structurally or aerodynamically unsafe. In order to guarantee
adequate flight safety even under abnorma! flight conditions, such as strong, suc'den
pull-ups or abrupt longitudinal attitude changes caused by gusts, these airplanes may
be equipped with a “‘stall prevention” system. Stall prevention systems are used

quite commonly in *T-tail*’ airplanes.

Any artificial stall prevention system should saiisfy the foliowing requirements:

1. The system should be capabie of stal! prevention for any airplane
configuration, airspeed, altitude, normal acceleration, sidesiin, bank angle,
ad power wetting. The system should not be susceptible to atrnospheric
nfluence, such a8 temperature of pressure variations, precipitation, and

xing

2. The system should provide & large nose-down pitching moment at the stail
or just after the stall; however, the pilot should be able to “‘override’ the
system it he desires. The “override” force should be large encugh to

discourage inadvertent “‘override’”’ and associated “‘deep-stall”’ penetration.




::.,- 3. Inadvertent operation of ihe system shouid not lead to dangerous flight

'ba conditions. This is particularly apglicable *o the vakc-off and landing
- evolutions.

b: 4. The system .hould be easy to maintain and easy to calibrate on the ground,
)

A commonly used stall prevention device is a *'stick pusher” zrrangement which

is activated through a signal from an angle of attack or pressure s2nsor,

No matter how well-designed and how reliable it may be, a stall prevantion
system represents added complexity in the airplane. Unless safety or cverriding

design considerations dictate otherwise, stall prevention systems should be avoided.

.
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TEST PROCEDURES AND TECHNIQUES

PREFLIGHT PROCEDURES

Successful stall investigations can be accomplished only after thorough preflight
planning. During preflight planning, the purpose and scope of the tests must be
clearly defined. After purpose and scope are clearly understood, a “plan of attack”

or test methed can be formulated.

Preflight planning should start with research, This includes a study of the
airplane - many stall characteristics can be predicted by studying various design
paramieters of the airplane. All availahie information on stall characteristics should

be reviewed, Much useful information may be gained by conversations with pilots

and enaineers familiar with the airplane,

The test conditions - altitude, configuration, center of gravity, and trim
airspesds - must be determined. Test conditions should be commensurate, as much
as possible, with the missinn environment of the airplane. However, safety
considerations dictate that invest.gations of stall characteristics be performed in such
& manner that the most criticil conditions are tested only after a reasonable build-up
program Ajfutude at stail entry should never be lower than 10,000 feet above
ground level; however, a higher minimum altitude may be used if unusual
characteristics are expected, Although center of gravity {CG) position may affect
batt the stall and the recovery, tests at the most forward and most aft operaticnal
CG positions are generally adequaie. However, if a lack of nose-down longitudinal
control or “pitch-up” at high angles of attack are suspected, forward CG positions

should be used for initial investigations, Because of possible adverse stall

characteristics resulting from high power settings and extension or activation of
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high-lift devices, a “clean” airplane configuration with low engine power settings
should be chosen for initial stall tests. Appropriate trim airspeeds should be chosen
for each configuration to be evaluated. For example, appropriate trim conditions for
an investigation of power approach configuration stalls would be those
corresponding to normal approach airspeed and angle of attack. Of course, the

effects of "trimming into the stall" and "out of trim" entries into the stall
should be determined also.

The amount and sophistication of instrumentation required will depend on the
purpose and scope of the evaluation. A pure qualitative investigation can be
accomplished with only cockpit and hand-held insiruments, A portable tape
recorder for pilot comments is especially useful, If accurate quantitative information
is needed, or if nreliminary studies indivate very adverse stall characteristics,
automatic recording devices, such as oscillograph, photopanel, and telemetry, should
be utilized. The parameters to be recorded and ranges and sensitivity of test

instrumentation will vary somewhat with each test program.

The tinal step in preflight nlanning is the preparation cf pilot data cards. An
example of a stall data card is presenied in Figura 4. However, most test pilois
aesire o modify data cards to their own necds o1 construct data cards for each test,
At any rate, the data cards should list all quantitative information desired and
should be easy to interpret in flight. For stall investigations in particular, several data

cards with adequate space for pilot comments shouid ke provided.
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FLIGHT YEST TESHNIGUES

Stall sharacteristics must be evaluated in relation 1o their influence on mission
accomplishment. Thus, both normal and accelerated stalls must be performed under
entry conditions whick could result from various fnission tasks. However, prior to
evaluating sialls entered from these conditiors, a more controlled testing approach
should be emnicyed. This approach aliows lower deceleration rates into the stali and
lower pitch attitudes at tne stali, thereby reducing chances for “‘diep-stail”
penetration withou: «dequate buildup. After the controlled siall investigation, if
stall characteristics permit, simulated inadvertent stalls should be investigated under

conditions representative of operational procedures,
The Controiied Stati Test 1echnique.

The easiest and sarest apprcach to controlled stali testing is to divide the

investigation into three distinct parts:
1.  Approach to the stall
2. Fully developed stall
3. Stall recovery
Approach to the Stall
During this phase of the invastigation, adeguacy of stall warning and retention

of reasonable sirplane controflability are the primary items of interest. Assessment

of stall warning requires subjective judgernent by the pilot. Only the pilot can decide

when he has been adequately warned. Warning must occur sufiiciently in advance of
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the stall to allow prevention of the stall by normal control applications after a
reasonabie pilot reaction time. However, stall warning should not cccur too far in
advance of the stall, For example, it is essentiai that stall warning for approach
configuratian occur beiow normal approach speed. Stall warning which occurs tod
early is not only annoying to the pilot but is meaningless as an indication of

proximity to the statl,

The type of stail warning is very important, Primary stall warning is generally in
the forin of airframe buffet, control shaking, or small amplitude airplane oscillations
in roll, yaw, or pitch, Other secondary cues to the approach of the stail may he high
pitch atdtude, large longitudinal control pull forces (of course, this cue can be
destroyed by “trimming into the stall”), large contro! deflections, or sluggish control
response. In any case, stall warning, whether natural or artificial, should be
unmistakable, even under conditions of high pilot workioad and stress and under
conditions of atmospheric turbulence. 11 an artificial stall warning device is installed,
approazh to the stall should be evaluated with the device operative and inoperative

to determine if the device is really required for normal operations.

During this phase of the evaluation, the test pilot must evaluate stall warning
with the intended tise and operational environment in mind. He must remember that
he is specifically looking for the stall warning under controlled conditigns, The
operational pilot probably will not be. This question must be answered: will

the operational pilot, preoccupied by other tacks and not concentrating on

stalls, recognize approach of the stall and be able to prevent the stall?
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The general flying qualiiies of the airplane should be investigated during the
approach to the stall as well as stall warning characteristics. Longitudinal, lateral,
and directional control etfectiveness for maintaining a desired attitude may
deteriorate significantly during the approach to the stall. Loss of control about any
axis such as uncontrollable pitch-up or pitch-down, “wing drop,” or directional
“slicing” may define the actual stall. During the approach to the staii, the test pilot
should be particuiarly aware of the amount of lorgitudinal nose-dewn contrcl
available because of the chvious influence of this characteristic on the ability to

““break’’ the stalled condition and make a successful recovery.

This phase of stall investigation usually begins with onset of stall warning and
ends at the stall; therefore, the test pilot will certainly be concerned with the
manner in which th § and the ease of recovery, However, primary
emphasis is placed on obtaining an accurate assessment of stall warning and generz!
flying qualities during the approach to the stall. During initial investigations, it may
be prudent to terminate the approach short of the actual stall, penetrating deeper
and deeper with each succeeding apr oach until limiting conditions or the actual
stall are reached. In addition, the rate of approach should be low initially, !ess than 1
knot per second for normal stalls. {nvestigations of accelerated stalls should be made
by using the “‘constant normal acceleration” technique or the “‘constant airsnezd”’
technique. The constant normal acceleration technique is performed by selecting
and helding a desired g level while allowing the airplane to decelerate until
the stall is encountered. Slow deceleration rates (typically 2 knots/second)
are used for initial investigations. As experience is gained, faster
deceleration rates should be performed unless safety considerations dictate
otnerwise. The constant airspeed technique will be discussed in the STALL
TEST TECHNIQUES scction.
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The test pilot should record at least the foliowing cockpit data during the
approach to the stall:

1. Airspeed and angle of attack at stall warning.

2. Type and adequacy cf stall warning.

3. Longitudinal control force at stall warning (either measured or-estimated).

4. Qualitative comments regarding controllability and control effectiveness.
Fully Developed Stalt

During this phase of the investigation, the primary objective is to accurately
define the stall and the associated airplane behavior. The stall shculd be well-marked
by some characteristic, such as pitch-up or pitch-down or lateral or directional
divergence, fn general, any pitch-up or directional divergence at the stall is
undesirable because pitch-up may precipitate a deep stall penetration and directional
divergence may lead to a spin, Pitch-down at the stall and laterai divergence may be

acceptable; however, severe rolling, pitching, or yawing or any combination of the

three are ohviously nocr character

Control effectiveness as evidenced by the pilot’s ability to control or induce
roll, pitch, or yaw should be evaluated in the stall, if airplane behavior permits this
to be done safely. Obviously, control effectiveness shculd be evaluated with a
suitable build-up program. Initially, control inputs only large enough to effect an
immediate coordinated recovery should be used. As experience is gained, the
airplane should be maintaired in the stalled condition for longer and longer periods

of time, and the effectiveness of ail controls evaluated with larger and larger control

deflectians.




The test pilot should record at least the following cockpit data regarding the

stail:

1. Airspeed and angle of attack at stall

2. Load factor (acceierated stalls only)

3. Characteristic which defines the stafi

4. Longitudinal control force at the stall (either measured or estimated). The
ratio of longitudinal control forces at stall and stall warning is a rough
indication of longitudinal stability in the high angle of attack region and an

indication of the ease of inadvertent stalling.

5. Qualitative descriptive comments.

Stall Recovery

During this phase of the investigation, primary items of interest are the ease of

14

rocovery (the nilot g the recuvery, aititude

ey i .

s tagk) n ities duin
required for recovery, and the determination of an optimum recovery technique. The
definition of stall recovery may vary with the configuration under investigation. For
example, the goal of recovery for configurations commensurate with combat
maneuvering may be to regain sufficient control effectiveness about all three axes to
perfurm offensive or defensive maneuvering tasks; the attainment of level flight may
not be critical in these configurations. The goal of recovery for take-off and
approach configurations should be the attainment of level flight with a minimum
loss of altitude and the regaining of sufficient control effectiveness ‘o safely

maintain stall-free conditions. in each case, the test pilot must clearly define ‘‘stall

recovery.”




During initial investigation, the stall recovery procedures specified in pertinent
publications should be utilized and the ease of effecting recovery evaluated. If no
'X procedure has been developed, initial recovery must be accomplished with a
preliminary technique formulated from all available technical information.
As experience is gained, various modifications to the recovery procedure

should be made until an optimum precedure is determined. In arriving at an

-

optimum procedure for use by the operational pilot, the test pilot must not
only consider the effectiveness of the technique (in terms of altitude lose

or maneuverability regained) but must aiso consider the simplicity of the

technique.

The test pilot should record at least the following data regarding stall recovery:

Y

1. Qualitative comments on ease of recovery

p;
2. Optimum recovery technique
! 3. Altitude loss in recovery
4, Qualitative comments on control effectiveness
Profile of the Controlled Stall Test Technique
The general flight profile of the controlled stall investigation is presented in
5 Figure 15. Points along the profile are further explained on the foliowing page. !t

shculd be remembered that until familiarity with stall behavior of the airplane is

gained, the profile ma:* be broken off at any point.
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FIGURE 15
GENERAL PROFILE OF THE CONTROLLED STALL INVESTIGATION

Trim Point. The configuration under investigation should be established.

At ieasi the fuliowing items shouid be recorded in the cockpit:
1,  Trim speed
2.  Trim tab setting
3. Power setting
4. Fuel quantity
If automatic recording devices are installed, a “trim shot” should be made.

Entry Point. Decide on an entry point which will result in the stall
occurring near the test altitude (i 1000 feet). The entry procedures wili be different

for normal and accelerated stall investigations.




Normal Stalis, Slow the airplane rapidly to about 20 K!AS above the estimated
stall warning speed. Power reduction or speed brake extension may be utilized.
Reestablish trim configuration at this new airspeed, Make a slight nitch increase to
start the deceleration toward the stall. Using the visual horizon as a pfimary cue and
airspeed indicator as a crosscheck, establish the desired deceleration rate.

Deceleration rate should be one knot per second or less initially, but may

be increased as experience is gained.

Accelerated Stalls, For initial investigations, the constani normal acceleration
technique is normally used. Select an entry normal acceleration commensurate with
configuration, flight conditions, and familiarity with the accelerated stall
characteristics. If appropriate and feasible, slow the airplane to about 40 KIAS
above the estimated stall warning speed for the selected lcad factor. Entry normal
acceleration should be increased to maximum allowable or attainable as familiarity is
gained. Establish a roughly level tum at entry normal acceleration. Maintaining
normal acceleraticn constant, establish the desired deceleration rate, The primary
reference should be the visual horizon, although the normal accelerometer, angle of
attack indicator, and airspeed indicator will have to be crosschecked frequently,
Deceleration rate should be approximately 2 knots per second or less initially, but

may be increased as experience is gained.,

@Approach to the Stall. If automatic recording devices are utilized, they
should be activated at some convenient point prior to stall warning. The event
marker may be used to mark stall warning on the recording traces. In order to aid in
remembering data, the pilot should call out the airspeed and angie of attack at stall
warning onset and mentally note the type and adequacy of the warning, For

approaches to normal stalls, utilize pitch control to maintain 1.0 g normal

acceleration and the predetermined deceleration rate. During approaches to




accelerated stalls, a combination of bank angle and pitch attitude are used to
maintain normal acceleration and deceleration rates at predetermined values. An
increase in bank angle will slow the deceleraticn rate and a decrease in bank angle

will speed it up, providing the normal_acceleration is maintained constant.

The Stall. There is a natural tendency to relax nose-up longitudinal control
as the stall is approached in unaccelerated cor accelerated entries. This tendency
should be overcome by maintaining deceleration rate and normal acceleration into
the stali with positive pitch attitude control. If the stall is marked by pitch-down,
pitch attitude and normal acceleration shouid be closely monitored for accurate
detection of the stall. At the stall, actuate the event marker if automatic recording
devices are used and call out the airspeed, angle of attack, and altitude at the stail,
Mentally note the airplane behavior at the stall and initiate recovery control inputs

and configuration changes.

@The Recovery. Follow the predetermined recovery procedure and effect
recovery. Qualitatively evaluate recovery characteristics. Call out final recovery
altitude and actuate the event marker if utilized. The automatic recording devices

should be deactivated when convenient.

@The Situation Review. As the airplane is started toward the next stail test

point, the pilot should record at least the following cockpit data from the last stail:
1. Stall warning speed and angle of attack

2. Type and adequacy of stall warning




3. Stall speed and angle of attack

4, Stall characteristics

5. Recovery characteristics

6. Altitude lost and airspeed buildup during recovery

Alternate Technique for Accelerated §linv

It is recommended that initial accelerated stall tests be performed utilizing the
“constant norma! acceleration” technique described above; this technique allows a
gradual build-up to accelerated stalls at high levels of normal acceleration. After
experience is gained in the accelerated stall characteristics of the airplane, the
wind-up turn or “constant airspeed’” technique may be utilized; this technique is
more expeditious and somewhat simulates inadvertent stalls in operational use, The
technique merely involves gradually increasing angle of attack or normal acceleration
at constant airspeed or Mach number in a wind-up turn until the airplane stalls. The
difference between the angle of attack or normal acceieration at stall warning onset

and at stall is an additional measure of the adequacy of the sta!l warning.

Simulated Inadvertent Stalls

If the results of the controlled stal! investigation indicate that inadvertent stails
will produce no dangerous flight conditions, simulated inadvertent stgils should be
investigated from entry conditions which ccuid result from various operational
procedures. These entry conditions will generally involve more rapid deceleration
rates during normal stalls and more rapid increases in normal acceleration during

accelerated stalls,




The mission tasks most likely to result in inadvertent stalis should be used as
entry conditions. These mission tasks may be those required in air combat
maneuvering, gunnery exercises, missile attacks and reattacks, and conventional and
nuclear weapons deliveries. Other tasks peculiar to take-off and approach conditions
must also be used as entry conditions; these may include simulated catapult
launches, field take-offs, wave-offs or “’bolters,” and field or carrier approaches, Of
course, the mission tasks will vary widely in all test programs; these are presen.ed as
examples for illustration. No matter what tasks are selected, all stalls should be

performed at a safe aititude (at least 10,000 feet),

By performing simulated inadvertent stalls under conditions reprasentative of
operational procedure, more complete knowledge is gained of the adequacy of stall
warning, the characteristics of the actual stall, and the ease of recovery from the

stall. No rigorous stall investigation would be complete without this type of

evaluation.

POSTFLIGHT PROCEDURES

As soon as possible after returning from the flight, the test pilot should write a
brief, rough qualitative report of the airplane behavior in the region of the stall. This
report should be written while the events of the flight are fresh in his mind. The

quaiitative opinion wil! be the most important part of the final report of the stall

characteristics.
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Appropriate data should be selected to substantiate the pilot’s opinion. If
m automatic recording devices have been utilized, stall time histories will be presented
in the stall report. The time histories should be of particularly well flown stalls, or of
stalls during which some unusual characteristics were observed, Examples of stall

time histories are presented earlier in this section (Figures 10 and 11), Stall data also

inay be effectively presented in tabular form. An example is presented in Figure 16,
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FIGURE. 16
TYPICAL STALL DATA TABLE
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SPECIFICATION REQUIREMENTS

Requirements for stall characteristics are contained in Section 3.4.2 of Military

Specification MIL-F-8785C of 5 November 1980, hereafter referred to as

the Specification. The requirements of Section 3.4.2 may be modified by

the applicable airplane Detail Specification. Comments concerning

individual paragrapns are presenied below.

3.4.2

3.4.2.1

3.4.2.1.1

Elight at hion_angles of attack, The requirements of 3.4,2 through

3.4.2.2 are intended to assure safety and the absence of any
compromise in the performance of any mission task due to stall

warning, stail, and stall recovery characteristics.

Sulls, The stall may be defined either by airflow separation with
increasing angle of attack causing loss of lift, control difficuity, cr
excessive buffet/vibration (see 6.2.2 and 6.2.5) or by a minimum
permissible airspeed for safe execution of a specific niission task (see
3.1.9.2,1}, The maximum obtainable angle of attack may be control
limited; i.e., full aft stick applied, in which case the maximum
obtainable angle of attack defines the stall {see 6.2.5 &). The stali
may be defined in terms of airspeed or angle of attack but the

definition must clearly state which of the above conditions exist.
Stall Approach, For normal stalls, deceleration rates of up 9 1 knot

per second should be used to determine compliance whh the

Specification requirements. For accelerated stalls, the approach rate
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3.4.2.1.1.2

3.4.2.1.3

3.4.2.2

3.4.2.2.1

should be a function of angle of atiack rather than airspeed. Rates
of increase of wing incidence angle of attack of 2 degrees per second
or less should be used to determine Specification compliance. For
both nornnal and accelerated stalls, greater deceleration or angle c;f
attack rates could be utilized during simulated inadvertent stalls

under eonditions representative of operaticnal procedures.

Warning Range for Accelerated Stalls. Conflict could arise here
between the defined Operational Flight Envelope and the minimum
angie of attack values at which orset of stall warning is permitted.
For TPS purposes, this requirement will be considered met if onset

of stall warning occurs within the angle of attack limits stated.

The value of u, may be determined in flight by recording o over a
range of normal load factors from -1 to +3 g and plotting the results.

Tha intgreant of tha curve with the o avic at zaro load factor
1ne intereent o7 Ihe o e wi o at ze 1030 Tactos

NSy v ettt mivas (= N "

Qg - !n most cases, oscillograph data will be required to obuain

accurate results. Ships service AQA gauges will probably give a fair

approximation but may contain noniinearities.

Stall Prevention and Becovery, The requirement here which needs

particular attention is that stall recovery technique shall be simple

and easy to appiy and that there shall be no excessive altitude loss.
Post-Stall Gyrations and Soing

Resistance to Loss of Control
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3.4.2.2.2

Recovery from Post-Stall Gyrations and Spins. Tests to uetermine
compliance with these requirements will only be conducted at TPS
if specifically briefed. Tests of this nature require a cautious ar}d
progressive approach which is time-consuming anrd requires special
safety precautions. An indication of the probability of meeting the

intent of these requirements may possibly be obtained without

investigating the entries and control applications specified.
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STALLS
GLOSSARY OF DEFINITIONS

CAMBER - The curvature of the mean line of an airfoil section from leading edge
to trailing edge.

THICKNESS RATIO - The ratio of the maximum thickness of an airfoil section to
its chord length.

AUTOROTATION - Uncontrolled rolling or rotating, as in a spin.

ASPECT RATIQ - The ratio of the span of the wing to the mean chord.

TAPER - A gradual reduction in chord length from wing root to wing tip.

PR e

ondition i which the airpiane has aitained an angie of

¢
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attack far higher than the angle of maximum lift coefficient,

SLAT - Any of certain long, narrow vanes or auxiliary airfoils. The vane used in an

automatic slot.

SLOT - A long and narrow opening, as between a wing and a deflected Fowler flap,
A long and narrow spanwise passage in a wing, usually near the leading edge, for

improvement of airflow conditions at high angles of attack.

ENDPLATE - A plate or surface at the end of an airfoil attached in a plane normal
to the airfoil that inhibits the formation of a tip vortex, thus producing an effect

similar to that of increased aspect ratio.

i1-50
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REYNOLDS NUMBER - A nondimensional parameter representing the ratic of the
momentum forces to the viscous forces about a body in motion. Reynolds number
decreases with increase in aftitude and increases with increase in true velocity, if the

dimensions of the body remain constant,

PQST-STALL GYRATIQNS - Random oscillations of the airplane about all axes
following departure from controlled flight,

SHQCK STALL - A stall brought on by compressibility burble; i.e., by separation

aft of a shock wave.
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SPINS
INTRODUCTION

In order to obtain the maximum capability from tactical airplanes, it is
necessary to fly them near the limit of their flight envelopes. This inciudes lift
boundariss, structural limits, and minimum and maximum airspeed limits. This type
of flying will often result in inadvertent stalls and occasionally in inadveitent spins.

!f the tactical pilot has confidence in his capability to successfully recover from any
uncontroiled flight maneuver which may be inadvertently entered, he will not
hesitate to fly the airplane near the limits of its flight envelope. If, however, the '_5'-
pilet does not have this confidence, and does not know whether or not he can
recover his airplane from a spin, he will probably aliow himseif a greater margin of
safety and not fly his airplare to the extreme edges of the tactical envelope. On the t\
other hand, any airplane which cannot be consistently recovered from a spin or a ﬂ
depasture after an acceierated stali will also not be flown to its utmost tactical
advantage. in both cases, a significant and extremely important portion of the

G- airplane’s tactical capability will be negated, 't is of primary importance, therefore,
that all U, S, Navy tactical and training airplanes be ev.luated by Navy pilots in
comprehensive spin pregrams. In this manner, spin recovery techniques and
optimum spin avoidance maneuvers can be determined, thus providing the fleat pilot
with the information he needs to gain confidence in his airplane’s tactical

capabilities. Even if an airplane is never clearer! for intentional spins, the results of a

handbooks which will show tactical pilots that the airplane has been soun and

recovered successfully.
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THEORY

ERA

There is probably no other aerodynamic maneuver about which exists more
misinformation and confusion than the spin. While the interaction of
aerodynamic and inertia forces in a spin irvolves long and complex
equations of motion, the factors which cause spins are in themselves
relatively simple. It would be well at the start of this discussion to dispel

any confusion by defining clearly those terms which will be used in this

discussion of stalls and spins.

STALLS

An aerodynamic stall is defined as a condition in which the wing attains an
angle of attack greater than the angle of attack for maximum lift, resuiting in a loss
of lift and an increase in drag. Stalls may be either erect, inverted, normal, or
accelerated. For purposes of this discussion, normai erect staiis are those staiis
entered in positive angle of attack flight at a load factor of one g or less by
decreasing airspeed (including both slow and rapid deceleration). Normal inverted
stalls are similar with the exception that the angle of attack and load factor have
negative values. Erect accelerated stalls are those stalis entered at load factors greater
than 1.0 g and inverted accelerated stalls are those entered at less than -1.0 g.
Inverted accelerated stalls are rarely seen due to difficulties in pilot technique, pilot
discomfort, and control effectiveness limitations which usually restrict or prevent

these maneuvers,
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POST-ST Y |

Post-stall gyrations are maneuvers entered after stalls which are different from
spins, These gyrations are often extremely violent and result in random pitch, roll, )
and yaw oscillations. in many cases, the characteristics of post-stall gyrations are
determined by the steady state spin speed of an airplane. The steady state spin speed
is that speed attained by the airplane in a steady state spin (defined below).
Post-stall gyrations which occur at airspeeds faster than steady state spin speeds are
those which normally occur after accelerated stalls. In these entries, the post-stall
gyration acts to dissipate the kinetic energy prior to the airplane entering an
incipient spin. Post-stall gyrations occurring below steady state spin speeds are
normally associated with nose high, low airspeed conditions during which inertia
forces become more powerful than aerodynamic forces, Low speed post-stall
gyrations are usually more unpredictable and cause the pilot the most concern due

to the fact that his aerocdynamic controls are less powerful than the inertia forces
acting on the airpiane. Erratic angle of attack and random, unpredictable
airplane motion are the most pronounced characteristics of a post-stail

gyration.

SPIN DEFINITION

The spin is a maneuver during which the airplane descends rapidly toward the
earth in a helical movement about a verticai axis (cailed the spin axis) at an angle of
attack between the stall and 90 degrees. The steady state spin is always characterized
by autorotation {defined below), Spins are of two distinct types, erect and inverted,
Erect spins differ from inverted spins in the sign of the angle of attack and load
factor; that is, in an erect spin, there is a positive angle of attack and load factor,

whereas in an inverted spin, there is a negative angle of attack and negative icad

factor.




Each spin is divided into two phases; incipient and steady state, The incipient
phase of the spin is that portion of a spin occurring after post-stall gyrations, if any,

have ceased and the airplane commences a spin-like motion; however, the

aerodynamic and inertia forces have not yet achieved a balance. In a steady state, or .

fully developed spin, the aerodynamic and inertia forces have reached a balance. The
pitch attitude, angle of attack, vertical velocity, and yaw rate reach constant, average
values, or changes in any of these parameters are uniformly repetitive. Some
airplanes never reach true steady state or fully developed spins, but attain only
partially developed spins. The difference is that in the partiailly developed spins,

stabilization is lacked in one of the parameters listed above. For example, pitch

attitude or yaw rate might fluctuate in a random; nonrepetitive fashion.

E OR NG SPI

Spins are caused by a combination of two primary factors: exceeding stall
angle of attack and sideslip. These two factors result in a phenomena known as
autorotadon. Autorotation is defined as rotation which occurs without lateral
control input. itis a result of unequal angle of attack distribution between the wings
of the airplane. Figure 1 shows a lift coefficient (C|_) angle of attack (a) curve for a

typical airplane.
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At angles of attack lower than the stall (Point A), any change in angle of attack
between the wings due to sideslip tends to raise the lower wing, This is called
dihedral effect or lateral stability. Once the stall angle of attack is exceeded (Point
B), any sideslip which induces an apparent change in angle of attack between the -
wings results in the opposite restoring moments and causes the airplane to rotate in
the direction of the low wing. This rotation in turn increases the angle of attack
difference between the two wings and the maneuver becomes self-sustaining. The
drag on the downgoing wing also becomes greater due to the increased angle of
attack and in turn causes yawing moments in the direction of rotation. The motions
in roll, yaw, and pitch are opposed by, or coupied with, inertia moments until
eventually a balance of forces and equilibrium is achieved. Figure 2 shows an

example of this sort of aerodynamic and inertia balance.

AERODYNAMIC MOMENTS
INERTIA WOMENTS

enn
aroree

A‘IS SFIN
AXIS
AERODYNAMIC )
PITCHING INERTIA H
MOMENT PITCHING
NOSE DOWN MOMENT
NOSE UuP

1

. -
AIRFLOW

FIGURE 2
BALANCE OF AERODYNAMIC AND INERTIA ZITCHING
MOMENTS IN A SPIN
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The airplane mass may be illustrated by fly balls or a series of weights, As this series
of weights rotate about the spin axis, a nose-up inertia pitching moment is caused.

This moment balances out the aerodynamic nose-down pitching moment. The other

axes of rmotion contain corresponding balances of aerodynamic and inertia .

moments. A discussion of spin tunnel research on this subject is found in Reference
1.

It is important to realize that the airplane mass distribution has an extremely
strong effect on the spin and spin recovery characteristics. This mass distribution is
normaily discussed in terms of the inertia yawing moment parameter, | YMP. This
term is equal to Iy - Iy + mb2, Ix and ly, being the moments of inertia about the x
and y body axis, respectively; m, the mass of the airplane, and b, the wing span.
Present trends in modern aircraft usually result in large negative values of inertia
yawing moment parameter (1.e,, fuselage-heavy airplanes). This is the result of thin
wings, high density jet engines, and fuel celis in the fuselage of the airplane. Inertia
vawing moment parameters will change greatly in many airplanes by fuel
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distribution should be determined prior to actuai spin testing and initial tests should
be performed in those loadings considered least critical from the inertia yawing
moment parameter standpoint. There may well be some loadings in which spin
recovery will be impossible. For example, spin recovery in the A-1 was impossible or
unacceptable with heavy wing loadings. However, recovery could be accomplished

easily when wing stores were jettisoned.

Sufficient spin tunnel data has been accumulated to show strong trends in the
capability of various control combinations to recover airplanes versus the magnitude
cf the inertia yawing moment parameter. In general, airplanes with fuselage-heavy
loadings will require use of lateral, as well as directional and longitudinal control, for
spin recov :y. In airplanes of this type, lateral control often becomes a more
powerfu! spin recovery control than the rudder. Additional information on this

theory may be found in References 2 and 3.
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TEST PP OCEDURES AND TECHNIQUES
PRELI RY DAT

Navy spin programs occur only after the contractor has demonstrated -
satisfactory spin recovery characteristics of the particular airplane involved. During
the spin demonstrations, a wealth of important information is obtained which
should be fully expioited and utilized by the Navy test pilots. In addition, any areas
which are not clear or need further amplification should be discussed with the
contractor pilot who flew the spin demonstration. A great deai of information is
obtained in spin tunnel evaluaticns which are performed on scale models of nearly
all new airplanes prior to the contractor’s spin work. The spin tunnel reports are

available to the project pilot and shouid be studied thoroughly.

It is extremely important for the project pilot to pay particular attention to any
changes that are made to the test airplane configuration between the demonstration
by the contractor and the Navy spin evaluation. Changes to the demonstration
configuration are often made as a result of deficiencies found during NPE and BIS
trials. These changes may appear to be entirely unrelated to the spin evaluation but
may nevertheless seriously affect the airplane spin characteristics. If, in the opinion
of the project pilot, these changes are significant, the contractor should be required
to conduct additional spin demonstrations in the most recent configuration.
Exarples of these may be chainges in canopy design, speed brake extension limiis,
addition of various stores, modification of high lift devices, revision of CG limits,
and other opvious changes which would affect the stability and mass distribution of
the airplane. Unless the project pilot is positive that the changes are inconsequential,

additional demonstrations in the modified configurations should be required.
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TEST INSTRUMENTATION

Having a properly instrumented airplane is of maximum importance in spin
testing due to the rapidity with which parameters change, External and internal -
photography will also be extremely useful in both analyzing the spin characteristics

and in subsequent training of squadron pilots.

Primary internal instrumentation may include rnagnetic tape, oscillograph, and
photopanel. Pertinent parameters include control positions and forces, angle of
attack, sideslip, airplane attitudes, rates, and so on. One unique parameter for spin
tests is turn count or azimuth angle. Measurement of this parameter requires
installation of a turn count gyro or photoelectric celi. A list of typical spin test

instrumentation parameters is presented in Figure 3.
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Quantities Measured

Mag Tape
Oscillogeaég

’Photo
Panel

Pilot's
Panel

Film Frame Counter
Oscillograph Burst Counter
Pilot Signal
Running Time
Longitudinal Stick Force
Lateral Stick Force
Left znd Right Rudder Pedal Force
Longitudinal Stick Position
Lateral Stick rosition
Rudder Pedal Position
Left Elevator Position
Left Aileron Position
Rudder Position
Left and Right Elevator
Trim Tab Positions
Rudder Trim Tab Position
Normal Acceleration
Pilot's Seat Acceleration
Angle of Attack
Angle of Pitch
Angle of Bank
Angle of Sideslip
Rate of Pitch
Rate of Roll
Rate of Yaw
Spin Turn Count
Left and Right Engine Oil Pressure
Left and Right Engine Fuel Used
Noseboom Airspeed
Noseboom Altitude
Production Airspeed
Production Altitude
Critical Structural Loads ) X
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FIGURE 3
TYPICAL TEST INSTRUMENTATION
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The test airplane cockpit should be instrumented to provide the pilot with
controls for activation of data records and primary and secondary emergency

antispin device actuation. In addition, there are several devices which may be

installed to provide the pilot with orientation cues and warning signals. These -

devices include oversized, centered, turn needle (or roll and yaw lights), single
pointer aitimeter (such as a glare shield mounted cabin pressure altimeter hooked to
the regular static source), low altitude warning lights and aural warnings, and direct
readouts of any parameters considered critical. The pilot should be provided with a
kneeboard or cockpit mounted tape recorder or telemetry voice recorder channel,
The recording device permits the pilot to make a running commentary of the spin as
it progresses through its various phases. Because so much is hapnening in a short
period of time, the pilot is not usually able to write down all his observations and

comments, The recorder is particularly valuable for mission suitability observations.

internal motion picture or pilot's-eye cameras and externally mounted cameras

should record the relative motion of the outside worid. These films are useful in

cockpit.

External instrumentation usually includes telemetry, photo theodolite, and
chase plane fiim/tv coverage. Real-time telemetry will permit a project engineer to
monitor various critical parameters such as angle of attack, engine operation,
altitude, turn direction, control position, etc. A ground-based safety pilot
may usefully be empioyed in ihe telemeiry receiving station, linked to the

test pilot by duplex (two-way) continuous voice radio communications.

Motion picture films are, of course, very useful in showing the real life sequence
of the spin and provide the capability of slow motion analysis of airplane motions.
The films may subsequentiy be used along with cockpit films for spin training films

and other presentations.
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CHASE PLANE REQUIREMENTS

A chase plane is mandatory on all spin flights in a Navy spin program.
Consideration should be given to assure that the chase plane is compatible with the -
test airplane. Using a chase airplane that has large disparities in performance with the
test airplane can result in unnecessary flight delays waiting for the chase plane to get
in position, On the other hand, a chase airplane with inferior low speed handling
qualities (to the test airplane} may result in inability to closely monitor the test
airpiane in siow speed flight and in the spin. The chase pilot is used to maintain
surveillance of the test area, count spin turns, and act as a safety backup by

monitoring altitude and inspecting the test airplane at frequent intervals

for any external signs of damage or stress.

ANTI-SPIN DEVICES

Each airplanc to bc utilized in a Navy spin program must be fitted with an
appropriate anti-spin device. This is an emergency device utilized by the pilot when
aerodynamic controls are ineffective in recovering the airplane from the spin. Most
commonly used is an anti-spin parachute which is deployed behind the airplane to
slow the yaw rate, lower angle of attack, and thereby recover from the soin.
Anti-spin parachutes are of many types and sizes aad the requirements for a
particular chute are usually predicted on spin tunnel research. Chutes may be
deployed and opened ballistically in certain cases. Other devices utilized are anti-spin
rockets which can be used either as anti-yaw devices or as pitch devices to lower the
angle of axtack and subsequently stop a spir. Another possible consideration is the
use of vectored thrust as a method of lowering angle of attack and breaking a spin.
in any event, the anti-spin device decided upon should be demonstrated by the

contractor during the spin demonstration, The device shouid be tested on the

ground and in flight prior to the commencement of the spin tests.




The evaluation of deep normal and accelerated stall characteristics should be

the start of the spin program, In some cases, this will be the initial Navy evaluation -

of deep stalls. This will occur whenever an initial investigation of stall characteristics
indicates that the airplane has strong pro-spin tendencies in deep stall penetrations.
In any spin program, however, the buildup program for the spins should start with a
thorough investigation of deep stall characteristics. It is important for the test pilot
to remember that various criteria other than the actual aerodynamic stall may have
been used in previous evaluations to define stall speeds. In these cases, the
criterion will be some limiting factor based on the flying qualities,
performance stall speeds, or carrier suitability minimum usable speeds. It
is quite possible that true aerodynamic stalls may not have been fully
investigated in previous tests. The deep stall penetrations should,
therefore, proceed in a logical buildup sequence starting with normal stalis

at high altitude using low power settings.

It is important to keep the power settings low initially so that the nose of the
airplane wil! be as low as possible at the stall. Thus, when the airplane stalls, the best
possible conditions for regaining flying speed will exist because the nose will already
be low. The pilot should build up to full control deflection in the stall with both
lateral and directional controls. In many cases, these large control inputs will induca
post-stall gyrations or incipient phase spins. The gyrations and spins produced in this
fashion should not be permitted to build up to steady state conditions but should be

recovered from immediately.

The incipient phase spin testing should be commenced from one g, power off
stalls, in the loading which has been prec.cted to be the least criticai insofar as
center of gravity and 1'YMP are concerned. Intentional spins are usually entered by

application of full pro-spin control deflections at or after the stall. Specific entry
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procedures are described in the military spin specification, Reference 4. Entries and
types of spins may be modified by the detail specification for the airplane. It is
important to emphasize that the majority of testing should be concerned with
recovering from post-stall gyrations and the incipient phase spin characteristics.
These regions of uncontrolled flight are those which the fleet pilot will see most

frequently in tactical use.

The test pilot should build up to steady state spins very slowly.'A good
schedule for a buildup would be to initially look at spins for 1/2 turn, 1 turn, 1 1/2
turng, and so on, until steady state spins have been attained. Once the steady state
spin has been attained and the pilot has ascertained that he can recover consistently
from the spin, the evaluation should proceed to investigate the variables of
configuration and control changes. Included here are the effects of control positions
and configuration variations such as speed brakes, power, and flaps - both in the
spin and for recovery. Since lateral control position may be a powerful variant, the

inputs should be made in an incremental buildup.

After a thorough and complete one g entry evaluation in the least critical
loading, the evaluation should move on to entries from accelerated stalls, then into
vertical entries, A gradual buildup in !oad factor and pitch attitude, respectively, is
again warranted. Occasionally, inverted spins may result from nose high entries. The
pilat should be aware of this. This point in the evaluation may, in fact, be the
optimum place to evaluate inverted spins. Foilowing this buildup, tactical entries
such as from high g reversals, improper nose high recoveries, and improperly
executed aercobatics should be investigated. Again, the emphasis should be placed on
defining the capability and requirements to recover the airplane in post-stall
gyrations and incipient phase maneuvers. Finally, the effects of inertia coupling at
low speeds should be investigated. These maneuvers will probably present the most
violent post-stall gyrations and often result in inverted spins even though erect
pro-spin controls are utilized. Low speed inertia coupled maneuvers are entered by

applying abrupt pro-spin control deflecticns during low speed rolling maneuvers.
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Once the complete spectrum of entries, control positions, and tests have been
completed in the least critical loading, the data should be spot-checked in a buiidup

program at the other loadings concentrating on normal service utihization, It is

important to remember that changing the external loading of the airplane may well ~

change the spin and spin recovery characteristics radically, A logical buildup for each

new loading is again warranted, especially in the area of asymmetric loads.

MISCELLANEQUS TESTS

A complete spin evaluation will require the investigation of several
miscellarneous areas. Some of these areas will be unique to only one airplane and the
project pilot will be required to use his imagination to insure that he has considered

all logical conditions. Some examples are discussed below,

Power Effects and Enqging Operation

Power effecis may be negligible or extensive and engine operation may vary
drastically between various power settings. Pro and anti-spin asymmetric power
should be investigated on multiengine airplanes. Asymmetric power may be an aid or
hindrance to spin recovery. The various combinations of tests and possible
ramifications should be obvious. In many cases, high angle of attack and/or sideslip

will cause erratic engine performance, stalls, chugs, and flameouts.

The project pilot should evaluate the effects of various configuration changes
on spin and recovery characteristics. Items here include efferts of flaps, speed
brakes, and so on. Past experience has shown that actuation cf these items may
either prevent or produce spin recovery. In many cases, they will have little or no
effect. In any event, it is important to know these effects and the evaluation should

not overlook this important area of investigation,
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Nonoptimum recovery variations should also be investigated in detail. This will
assist in determining critical reccvery parameters. Nonoptimum recovery variations
include utilizing less than full recovery control deflections, various combinations of
recovery controls, control reieases, control neutralization, etc. The timing of
anti-spin control application should also be investigated, For example, application of
steady state spin recovery controls in a post-stall gyration or incipient phase spin
may actually act as pro-spin controls. These data are obviously of importance to the

fleet pilot.

Degraded Systems Qperations

Insofar as logical and feasible, the project pilot should investigate spin
recoveries under condition:, of degraded systems operation. Loss of flight contr
boost, stability augmentation, ard so on, could produce significant variations in spin
recovery capability. Spin maneuvers may have side effects on systems operations and
it is appropriate for the project pilot to comment on the mission suitability aspects
involved, Examples inciude tumbling of attitude gyros, illumination of various

warning lights, loss of fuel through venting, adequacy of pilet restraint system, and

S0 of,

REQUIREL DATA

There is a myriad of data pertinent to any spin program, There data are
normaliy prescrited in the report as time histories of verious important rates,
positions, control deflections and forces, altitude, etc. Qualitative data presented by
the pilot, however, are the most important data presented, The description of how it
feels in the cockpit, the ability of the pilot to stay orientated i the spin recovery,
and so on, are the most important portions of the evaluation from the pilot’s point

of view. For exampie, use of angle of attack for dive puii out following sgin recovery

il-15




-

may be extremely criticai. If this is true, it is important for the project pilot to
define the limitation in terms of cues available. Use of a cockpit tape recorder with

which the pilot can make a running commentary of his spin is invaluable for this

purpose. Nose position, turn needle position, altitude loss per turn, yaw rate, various -

recovery techniques, and s on,can be discussed as they occur. Occasionaliy, various
engine parameters may not be instrumented and it wiii be important for the pilot to
observe engine operating characteristics during the spin. 1t is up to the project pilot
to insure that his important cockpit observations are riot lost in a maze of
quantitative data. A pilotoriented, qualitative assessment of the spin entry
characteristics, the spin characteristics, and the sain recovery characteristics must be
foremost. A checklist of some of the important data to obtain in spin iesting is

presented at the end of this section.

SAFETY CONSIDERATIONS IN SPIN PROGRAMS

There is probably no other type of flight testing which requires a more
comprehensive and logical buildup program than spin evaluations. This buildup
program should begin by z complete pilot study of all previous s»in data on the
plane he will be evaluating, as well as a look at earlier spin reports to observe and
inok for various problem areas which occurred in these previous evaluations. The
project pilot should provide himself with several spin familiarization flights in

airplanes cleared for intentional spins.

As stated earlier, prior to commencing a spin, it is necessary for the pilot to do
stall work which logically and reasonably proceeds in a planned buildun to a
complete spin evaluation of the airpianz in 1he least critical loading. Following this
initial series of tests, additicnal loadings may be evaluated in a reasonable buildup

program,
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Prior to commencement of actual spin tests, the project pilot should devote
some ftlights to dive puli-out data at various airspeeds, angles of attack, and nower
settings with and without speed brake. A dive puli-out table should then be prepared
and utilized by the project pilots. From this dive pull-cut table, decision altitudes -
should be estabiished. Decision altitudes should include: altitude at which to stop
other than optimum recovery tests, altitude for anti-spin device deployment,
ejection or bailout altitude, It is important for the pilot to have these altitudes fixed
firmly in his mind prior to doing any spin testing. 1f a certain critical altitude is
reached, the pilct will have a preplanned course of action te follow and will not
delay in making the proper decision as to emergency spin recovery actuation or

ejection, if necessary.

in many cases, unusual or erratic engine operation may occur during spin
testing. It is not unreasonable to expect this because of the extreme high angles of
attack, high yaw rates, and sideslip angles associated with spin flights. The pilot
must, therefore, be very familiar with procedures for clearing compressor stalls,
airstarts, flame-out landing pattern, etc. In some cases, it may be necessary to fit the
airplane with some auxiliary power devices. For examplie, an air driven ram air
turbine for emergency electrical power may not operate if deployed in a spin,
Therefore, it may be necessary to install a battery to provide for ignition, critical
electrical demands, or possibly even run auxiliary hydraulic purnps to provide
adequate flight control. {f the airplane is prone to engine flameouts in a spin, it may
be valuable to fit it with a continuous ignition circuit. In any event, these factors
should be considered. The pilot should practice flameout landing procedures, air
starts, and various forms of degraded systems flight. It is logical to assume,
therefore, that the spin testing should be done near a field to which an emergency or

flameout landing can be made quickly.

I-17



Use of the chase plane for data and safety purposes was discussed previously. it
aiso serves as a very important extra pair of eyes to maintain surveiilance of the spin
area and warn the spin pilot of any possible intruders. Additionally, radar coverage

may be used to assist in keeping the area clear.

Finally, project pilots of spin airplanes shouid have a reasonable amount of time

in the test airplane prior to commencing any spin test.
THE INVERTED SPIN

INTRODUCTIGN

Inverted spins have always provided an interesting and frequently spactacular
realm of flight; however, it is also a realm of relative unfamiliarity to most pilots. It
has been well documented that spins cannot be prevented by a handbook entry that
“intentionai spins are prohibiied.” Aisu, inveried spins cannot Se prevented by
handbook entries that ‘‘the airplane resists inverted spins.”” Someone will always find
a way to end up inverted in uncontrolled flight. Because of this, snin testing,
including inverted spins, will always remain an important part of the test programs

for new tactical airplanes.

The same general rules that apply for upright spins also apply when flight
testing inverted spins. However, a few other considerations should be taken into
account. The first area to consider is the disorientation that occurs to most pilots
when initially exposed to inverted spins. In some airplanes it may be difficult to tell
whether the spin is upright or inverted, particularly if significant pitch oscillations
are superimposed on the spin (yaw) motion. The direction of the spin may also be
difficuit to determine. Specifically, this may be caused by the fact that the airplane
rolls in the opposite direction from the spin; i.e., the airplane rolls left when in a

right inverted spin. In an erect spin, if the roll rate is not oscillatory, the spin

direction and roll direction are the same,
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This problem of disorientation can be reduced or eliminated by several means.
A solid buildup program in a spin trainer is essential before spinning a new airplane.
The nurnber of flights required to become acclimated to the spinning flight regine,
and the inverted regime in particular, wiil vary with the experience and ability of the ~
test pilot. The cockpit instrumentation of the test airplane is also important and
should include a turn or turn rate indicator. This instrument is similar in function to
the turn needle in the turn and stip indicator. In every case, whether erect or
invertied, the direction of the spin is indicated by the turn needle. Additiohally, the
pilot should be able, after the proper buildup, to determine the spin direction by the
movement of the nose across the ground, The airplane should also be equipped with
an angle of attack indicator. In the standard Navy AOA systems, the indicator will
be pegged at zero during an inverted spin. In an upright spin, the indicator will be
pegged at 30 units. I the airplane is equipped with a fiight test sensitive angle of

attack indicator, the readings will vary, depending upon the measurabie range of the

The standard pilot restraint systemns in most Navy airplanes are totally
inadequate in the inverted flight/spin regimes, Aditional means must be supplied to
hold the pilot in the seat during negative g fiight conditions. Besides being
uncomfortable when not properly restrained, full rudder throw can be denied the
pilot if he is not held in his seat and is allowed to float to the top of the cockpit.
The usual method to provide adequate restraint is to install an additional lap beit or

negative g strap which is attached either to the seat or to the seat pan.

Under negative or zero g conditions, many aircraft systemns become degraded or
are severely limited and this must be taken into account during inverted spin testing.
Typically, oil pressure on many jet engines goes to zero during inverted spins. In

addition, most airplanes have negative and zero g time limits due to the limited fue!
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tank capacity. During violent maneuvers sometimes encountered during spins, gyros
may tumble and present misleading information to the pilot and the negative g

structural limits of many airplanes can be easily exceeded. These limitations should

be taken into account and approached cautiously through an appropriate buildup -

program.

INVERTED SPIN ENTRY TECHNIQUES

Conventicnal Entry

The conventional method of entering an inverted spin consists of stalliing the
airplane inverted and applying pro-spin controls. |f the inverted stall cannot be
achieved due to inadequate elevator effectiveness, pro-spin controls are applied as
the nose begins to fall through with full forward stick. Pulsing the rudders back and
forth during deceleration may be somewhat effective in aggravating the yaw at spin
entry. This conventional entry involves primarily the use of aerodynamic forces to
enter the spin, aithough some inertial etfects may aiso be present. In the case ot the
elevator-limited airplane, an inverted spirai vice the inverted spin may result and

some airplanes simply will not spin inverted using this entry technique.

Recovery controls will vary for different airplanes but will always include full
rudder opposite to the spin direction (opposite to turn needle deflection). Unlike
erect spins in many of our current airplanes in which th2 rudder is only marginally
effective in spin recovery, the rudder in an inverted spin will (except possibly for a
few T-tail types) be highly effective since it is in “clean airflow,” i.e., undisturbed by
the wing, fuselage, and horizontal tail. This is illustrated in Figure 4. However, this
should not be misinterpreted to infer that any airplane can be recovered from an
inverted spin by use of opposite rudder only. Anti-spin aileron is required in many

high inertia types.
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Roll Coupling Entry

Some airplanes are elevater limited in inverted flight and attempts to spin them
inverted using conventional entry techniques often meet with failure; i.e., inverted
spiral vice the inverted spin. However, the same airplane might spin inverted very
readily using a rolling entry executed in a manner to take advantage of inertial

coupling moments in pitch.

Use of inertia characteristics for spin recovery in high performance jet airplanes
has been commonplace for years. In fact, most supersonic and many subsonic
airplanes will not recover from a steady state spin unless recovery inertia moments
are generated in yaw to augment weak acrodynamic yawing moments produced by
the rudder. It logically follows that inertia coupling can be used for spin entry. For
elevator-limited airplanes, the desired c¢oupling moment is usually in pitch to

compensate for limited inverted flight elevator effectiveness. The simplified equation

of motion in pitch is:




M (Iz - Ix) q = pitch acceleration
El = T + pr —-(T—T— P = roll rate
Yy Yy .. T = yaw rate
q = pitch rate .
M = aerodynamic pitching . ¥
moment EX
I, = moment of inertia in ¥
, roll o
I = moment of inertia in
Y pitch
Iz = momnent of inertia in
yaw
. - . . (l - Ix) - .
Analysis of the inertia term, pr —&—X—  in the equation reveals that roll

(ly)
rate opposite to yaw rate (opposite signs) produces a negative or nose down pitching

moment since | - ly is always positve. This pitching moment then is in the desired
direction for an inverted spin entry. Now it can readily be seen that if the spin is
entered with some roll momentum opposite to the direction of yaw, or spin
direction, nose down {negative) aerodynamic pitching moments, as viewed from the

cockpit, are augmented with inertial coupling effects. e
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It is important that the roli be made opposite to the direction of the intended
spin; i.e., right roll for a left spin and left roll for a right spin. Roll in the direction of
spin will have the opposite effect and produce pitching moments in the wrong

direction.

The roll-coupled entry can be exaggerated by increasing the roll rate and
creating as much roli inertia as possible. This roll inertia wili then be dissipated in
the post-stall gyrations. These post-stall gyrations may be quite mild or they can be
totally spectacular and include pitching, rolling, and yawing to such a degree as to be
indescribable., Needless to say, a suitable buildup program must be accomplished
prior to any roll-coupled entries. if the controls are maintained in the pro-spin
positions, the airplane will probably enter an inverted spin; however, experience has

shown that it also might enter an upright spin with the same controls applied,

In summary, spin testing is one of the most interesting and challon

test flying. In order to safely and effectively accomplish the objectives of any spin

program, total preparation and a thorough understanding of the principies and test

technigues involved is a necessity.
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L o PILOT CHECKLIST OF SIGNIFICANT SPiN DATA

I, Stall Characteristics

E A. Normal Stalls
: 1. ~ Stall warning
‘ 2. Configuration effects
3. Power effects
. 4. Angle of attack trends
B 8. Control effects
6. Deep penetration effects
i; 7. Stall recovery (include optimum recovery) !
B. Accelerated Stalls (as above)
I C" C. Inverted Stalls (as above)

D. Validity of NATOPS Manual Stal! information

1, Post-Stall Gyrations

A. High Speed (Accelerated Stall) Entries

. 1. Description of maneuvers

- 2, Do maneuvers progress to incipient spins or are they ‘nor.spin?”’

g 3. Piiot orientation e
P _ -
- 4, Recovery and agvoidance maneuvers
Q
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111, Erect Spins

A, Entries

B. incipient Phase

1. Description

a. turns (duration)

b. yaw rates

c. altlost

d. recovery

e. orientation

f.  control torces, positions, and effectiveness

g. angle of attack and turn needle indications

X
‘0

a. recover by letting go?
b. recover by neutralizing?
C. optimum recovery
C. Steady State Phase
1. Data as above

D. Recovery Phase

1. Recovery Variations

a. varying positions of longitudinai, lateral, and rudder controis

b. varying power and auxiliary aerodynamic devices




V.

Vi,

c. optimum recovery procedure
(1) critical recovery parameters (if any)
(2) progressive stall/spin tendencies
d. spin recovery capability under sim_ulated IFR conditions
Inverted Spins
A. Data as for Erect Spins and Recoveries
Inertial Coupied Maneuvers
A. Susceptibility of Entering
B. Techniques for Entering
C. Recovery and Avoidance Procedures
Spin Avoidance
A. In Normal Stalls
B. In Accelerated Stalls

C. Inverted

D. Nose High Attitudes
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VH, Miscelianeous Parameters

A.

Power Effects

Engine Operation

Configuration Effects

Speed brakes
Flaps
Slats

Spoilers

o s W N =

Etc.

Artificial Stabilizer or Damper Effects

Structural Integrity

Pilot Restraint Provisions

Side Effects

b

On attitudo aurp
nattuge gyre

On warning and caution systems

On radio/ICS fidelity

> LB

On fuel/vent system
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INTRODUCTION

The investigation of longitudinal stability and control involves the study of
characteristics exhibited in the airplane’s plane of svmmetry. This plane of
symmetry divides the airplane into two essentially symmetrical halves and contains

components of motion only along the X and Z axes and about the Y axis (see Figure
1).

FIGURE |
AIRPLANE AXIS SYSTEM AND PLANE OF SYMMETRY

Airplane motion in the plane of symmetry, i.e., longitudinal mation, generally
results in insignificant motion in the plane of asymmetry, i.e., lateral and directional
motion. (There are important exceptions to the last statement which will be
discussed in a subsequent section on coupled mgtigns,) Therefore, longitudinal
stability and control can be investigated apart from lateral-directional stability and

control. _ e




Longitudinal flying qualities must be investigated from eguilibrium and
nongquilibrium flight conditions. From: equilibrium flight conditions, the static
longitudinal stability characteristics may be cetermined. These characteristics are:

1. Variation of iongitudinal control forces and elevator positions with
airspeed variations from trim in unaccelerated flight {longitudinzal control

force and elevator position stability).

2. Variation of longitudinal control forces and elevator positions with normal
acceleration at a constant airspeed (longitudinal maneuvering stability, or

“stick force per g” and “‘elevator position per g"').
3. Variation of normal acceleration with angle of attack at a constant speed.

In order to change from one equilibrium flight condition to another, the pilot
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! modes of motion which are suppiessed in equiiibrium fiight.
The characteristics of th modes of motion greatly infiuence the dynamic
iongitudinal _stability cths_x_eis_tj_c_g of the airplane; these characteristics are
determined from g_og_eggqa_b_r_ly_nl flight conditions. The longitudinal modes of
motion are called the “airplane short period” and the “long period” or “phugaid’”

motions. The characteristics of these motions to be investigated are:

1. Frequency or period of the motions.

2. Damping of the motions or lack of it.




The pilot’s opinion of longitudinal flying quaiities depends on all the static and
dynamic longitudinal stability characteristicc mentioned above plys the
characteristics of the longitudinal control system, Therefore, it is not possible to
state conclugively that one or two of the characteristics are overwhelmingly
dominant in a particular flight condition. However, it is possible to rationalize that
certain characteristics will affect flying qualities more than others in certain
circumstances. Therefore, the investigation of longitudinal flying qualities divides

nicely into the study of ““Nonmaneuvering Tasks’’ and ‘‘Maneuvering Tasks."’

Nonmaneuvering tasks are defined as those tasxs during which the transition
from one equilibrium flight condition to another is accomplished smoothly and
gradually. Nonmaneuvering tasks result in essentialiy unaccelerated flight conditions.

Tasks which can be classified as nonmaneuvering are:

1. Take-off
2. Climb

3. Cruise

4, |lgiter

5. Glide

6. Descent
7. Approach

8. Wave-off
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In general, the pilot’s opinion of longitudinal flying qualities during nonmaneuvering
tasks is most affected by the characteristics of the longitudinal contro! sysiem,
longitudinal control force and elevator position stability, and the frequency and
damping of the long period or "“phugoic’ mode of motion. (The initiai response of
the airplane to a longitudinal control input is greatly dependent on the
characteristics of the airplane short period motign. However, during the study of
nonmaneuvering tasks, the initial response characteristics may be temporarily
ignored. The main areas of concern during nonmaneuvering tasks are the fong term
stability of the airplane and associated airspeed changes between equilibrium flight

conditions.)

Maneuvering tasks are defined as those tasks which result in accelerated flight
conditions; during maneuvering tasks, transitions from one equilibrium flight
condition to another are made quickly, and possibly, somewhat roughly. Tasks
which may be included in this category are:

1. Air-to-air combat

2. Ground attack

3. Reconnaissance

5. In-flight refueling

In general, the pilot’s opinion of longitudinal flying qualities during maneuvering
tasks is most affected by the characteristics of the longitudinal contrcl system,
longitudinal manuevering stability, variation of normal acceleration with angle of

attack, and frequency and damping of the airplane short period motion. The main
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areas of concern during maneuvenng tasks are the initial response of the airplane to
a longitudinal contro! input (short term characteristics) and associated normal

acceleration changes between equilibrium flight conditions.

The total mission of any airplane wiil require the pilot to perform some
combination of maneuvering and nonmaneuvering tasks. The various tasks required
for mission accomplishment must be determined in order to establish the scope of
the longitudinal flying qualities investigation. Since mission accomplishment for all
airplanes requires nrumerous nonmaneuvering tasks, the investigation of the
longitudinal flying qualities during these tasks will comprise a large part of any test
program,. Maneuvering tasks are not so universally required in all missions; therefore,
the lorngitudinal flying qualities during these tasks will be rigorcusly investigated in

some airplanes and less stringently investigated in others.

The provision of satisfactory longitudinal stability and control characteristics is
probably the single most important duty of the stability and control design engineer.
The pilot exerts a majority of his effort to controlling the longitudinal modes of
motion. When an optimum blend of longitudinal stability and controllability is
provided, the pilot finds the airplane easy and pleasant to fly. This allows the

performance of mission tasks with simplicity and precision, thus erhancing

overall mission effectiveness.




THEORY
NONMANEUVERING TASKS

STATIC LONGITUDINAL STABILITY AND CONTROL IN
UNACCELERATED FLIGHT

For simplicity, the concepts of static longitudinal stability will first be
presented for an airplane in gliding flight (power off) with no propeller and with the
longitudinal control surface rigidly restrained in one position. Later, the effects of
power and freedom of movement of the longitudinal control surface will be

introduced.
Stick-Fixed or Elevator-Fixed Longitudinal Stability

The variation of static pitching moments about the airplane’s center of gravity
with lift coefficient is the principal measure of the airplane’s static longitudinal
stability. The manner in which the total pitching moment varies with lift coefficient
depends on contributions from the wing, fuselags, and nacelles, and the horizonal
tail for a given configuraticn and flight condition. Generally, the contributions of
the wing, fuselage, and nacelles is destabilizing; together these components

generate nonrestoring pitching moments when changes in lift coefficient occur. If
the airplane is to possess static longitudinal stability, the hgorizontal tail must be
designed to overcome the destabilizing influence of the remainder of the airplane’s
components. The contribution of the horizorntal tail to static longitudinal stability is
powerful and almost always strongly stabilizing. The design and location of the
horizontal tail determine the magnitude of the contribution which is normally

expressed through the foliowing nondimensional parametars:

s £

v = tail volume coefficient = .gP. t
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where St = area of horizontal tail in square feet
S, = area of wing in square feet
= = distance from airplane center of gravity to the
aerodynamic center of the taii, or “tail arm’ length,
in feet.

Cc = average chord length of wing in feet

Tail Volume Coefficient is a measure of the size and location of the horizontal tail in

relation to the size of the wing and the center of gravity, respectively.

Mt = tail efficiency factor = —q—a—
where q; = dynamic pressure at horizontal tail in pounds per
square foot ":?ﬂ
q = dynamic pressure of free stream prior to encountering

the wing and fuselage of the airplane in pounds per

square foot.

Tail Efficiency Factor is a measure of the change in energy level of the airflow. The
dynamic pressure of the airflow at the horizontal tail is reduced because the airflow
must first encounter the wing, fuselage, nacelles, and other protrusions prior to

reaching the horizontal tail.Lift cuxye slope of the horizontal tail is denoted as

follows:




\
&

The angle of attack at the horizontal tail will not be the same as the wing angle of
attack because of differences in wing and tail incidence, and downwash created by

the wing lift production (Figure 2).

HORIZONTAL TAIL

WING ‘ —_—
— . — d | — LONGITUDINAL
'Ii"r”" . AXIS
\

ay za € (i, ‘iw)

FIGURE 2
RELATIONSHIP OF WING AND TAIL ANGLES OF ATTACK

a, = angle of attack at horizontal tail
a, = angle of attack at wing

¢ = downwash angle

i, = incidence of horizontal tail

i = incidence of wing

RW ~ relative wind at wing

th = relative wind at tail
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PITCHING MOMENT COEFFICIENT ABOUTY
THE AIRPLANE CENTER OF GRAVITY

Classical relationships of pitching moment coefficient with lift coefficient are
shown in Figure 3. Several interesting observations may be drawn from a study of
this figura. (The sign convention used here is arbitrary; i.e., nose-up pitching
moments are assigned positive signs, nose-down pitching moments are negative.
Static stability is thus indicated by a negative slope of the

C - C_relationship.)
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FIGURE 3
CLASSICAL LONGITUDINAL STABILITY RELATIONSHIPS

As previously mentioned, the wing and fuselage contribution to static
longitudinal stability is usually destabilizing, while the horizontal tail contribution is
usuzlly strongly stabilizing. As shown in Figure 3, the complete airplane possesses
some degree of static longitudinal stability. The airplane is in trim, i.e., the pitching

moments ail add up to zero, at the point where thie complete airplane curve crosses
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the horizontal axis. It can be seen that in order to exhibit both static longitudinal
stability (negative slope} and a trim condition (cross the horizontal axis), the
complete airplane curve must intersect the vertical axis at a positive value of C,, cG
(It should perhaps be pointed out that although the intercept atC; = 0 is a useful
reference point, it does not correspond to a condition that can be achieved in

equilibrium flight.)

Thea longitudinal stability equation which defines the slope of the nitching
moment coefficient-lift coefficient relationship may be written as follows for the

airplane in gliding flight with fixed controis and no propeller:

dC
mCG _ xa . dcm - al. vn i - d;_\
aC - -—c aZL aw t da )
ki 1 Fuselage
rplane Nacelle
wihere ?';1 = wing cantribution, a measure of the location of the
c aerodynamic center of the wing in relation to the
center of gravity of the airplane (Figure 4),
dC _ . . .
m = fuselage zrd nacelle contribution.,
dcy
Fuselage
Nacelle

ay dae \ = horizonta! tzil contribution.
e G 3

ay = lift slope curve of horirontal taif.




aw = 1lift curve slope of wing

v = tail volume coefficient

0t = tail efficiency factor

gﬁ- = change in downwash angle with change in wing angle
o

of attack.

pe—— C= MEAN AERODYNAMIC CHORD ——

|
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FIGURE 4

RELATIONSHIP OF WING AERODYNAMIC CENTER TO
JAIRPLANE CENTER OF GRAVITY
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For any given airplane corfiguration, the longitudina! stability equation is fixed
except for the wing contribution, which can be changed markedly by movement of
the airplane center of gravity (CG). A shift of CG has a very small influence on the
il contribution (through the tail volume coefficient, V) and negligible influence on-
+i- fuselage and nacelle contribution. However, for every percent of the mean
-x. C'ynamic chord that the CG is moved aft, (dcm/dc'-)wing increases positively
{destabilizing) one percent. Center of gravity movement, therefore, has a powerful
influence on the airplane’s static longitudinal stability and is probably the single
most important variable in static longitudinal stability. The effect of CG shift on the
pitching moment coefficient-lift coefficient curve is shown in Figure 5. It should be
noted that all the curves rotate about a constant pitching moment coefficient at a

lift coefficient of zero.

An examination of Figure b shows that as the CG is moved aft, the slope of the
pitching moment curve becomes more positive; i.e., less stable, A CG position will be
reached at which the slope becomes zero. This CG position, at which the airplane

exhibits neutral static longitudinal stability with the cockpit control stick or

longitudinal control surface fixed, is callea the stick-fixed or elevator-fixed neutra)
point and is denoted by the symbol (No)' Once the neutral point is known, the slope
of the pitching moment curve, i.e., the .adex of the longitudinal stability of the

airplane, can be obtained for any airplane CG position with good accuracy from the

following relationship:
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PITCHING MOMENT COEFFI!CIENT ABOUT
THE AIRPLANS CENTER OF GRAVITY
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FIGURE 5

CENTER OF GRAVITY EFFECTS ON STATI
LONGITUDINAL STABILITY ¢

This distance between the actuai CG and the neutral point of the airplane, expressed
in percentage of mean aerodynamic chord, is called the static margin. (For the case

just presented, i.e., the stick-fixed case, the distance would be called the stick-fixed
static margin,)

Longitudinal Control

The static longitudinal stability presentation has not, to this point, included
discussions of the effects of providing a means of longitudinal control nor the effects
of power. The scope of the presentation will now be expanded to include
longitudinal comtrol; however, power effects will still be neglected for the time being.

For a typical airplane, the curve of pitching moment coefficient versus lift
coefficient is shown in Figure 6. This airplane, in the condition shown, possesses

static longitudinal stability.
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FIGURE 6
TYPICAL VARIATIONS OF C'“CG VERSUS C

However, it is in equilibrium at only one value of lift coefficient (point A). If the
pilot wishes to decelerate and fly at a lift coefficient of 1.0 (point B), the airplane
must be equipped with some means of overcoming the nose-down pitching moment
(CmCG =.05). The problem then is to find 2 means of changing the it coeliicient
for zero pitching moment from point A to point C. The best means of doing so is to
merely shift the curve up without changing its slope. (If the slope is changed, the

stability of the airplane is changed.)

Obviously, the more stability the airmplane possesses, the more powerful must be
the means of overcoming the restoring pitching moments. This situation may place a

Limit on the amount of stabilily permissibie in any airpiane.

To find a means for overcoming the restoring pitching moments, the
equilibrium equation of static longitudinal stability is presented (proueiler 21f and
power off for simplicity).

xa
C = C + -C—— C + C -at C‘t Tlt

Fus
Nac
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The three terms of this equation which might be used to change the lift
coefficient for zero pitching moment are Cmyc. xa/E, and ot. The wing pitching
moment about its aerodynamic center (Cmac) is a function of wing camber and
aerodynamic twist of the wing. This moment can be controlied by a flap at the wing
trailing edge, a common control used by airplanes without horizontal tails, For

several reasons, it is not a practical longitudinal control for airplanes with horizontal

tails.

The term Xa/(_) is purely a function of CG position, and the mechanical
complexity and change of stability associated with shifting CG positions rules out

*’CG shifting” as a means of longitudinal control.

The final term to consider is the tail angle of attack, o, . Tail angle of attack can
be changed by utilizing a moveable horizontal tail (sometimes called a ““slab tail”’) or
by providing a moveable fiap on the trailing edge of a fixed horizontal stabilizer.
Changina the angle of attack of the horizontal tail can produce large changes in
pitching moment without significant changes in longitudinal stability. 1t is the most

powerful and most commonly used means of longitudinal control.

The magnitude of the pitching moment cecefficient obtained per degree

deflestion of the longitudinal control surface is called the longitudinal control power

and is written as follows {or the “‘slab tail’’ and the conventional elevator:

ac
ng Fyes - mCG ch v
Slab Tail ('m = --d-i-t—— = - —aa-t ntV =-a, n, %
aC . da
m,.. o t,.
Elevater “m, * m_% = - ‘&E —EEE Vn =emy v ¥
6, & T doe
V10




where Sa = elevator deflection from neutral, in degrees, trailing
edge up considered negative. '

dat = rate of change of effective tail angle of attack with-

eff
sze elevator deflection, sometimes given the symbol . It
is a function of the ratio of the area of the elevator to
the area of the entire horizontal tail; for the “slab

tail”, t= 1.0

Elevator control power, Gy g, will be used for the remainder of the discussion
of static longitudinal stability. The change in equiiibrium lift coefficient due to
deflecting the elevator may be studied by again referring to the equilibrium equation
of static !ongitudinal stability. The only term affected by the elevator deflection is
the tail angle of attack, o, which can be broken down in terms of wing angle of
attack, downwash angle, tail and wing incidence angle, and change in angle of attack

due to elevator deflection:

+ 16

G, ®=a -€ -1 + 3]
t w w lt e

Thus, the power off, propeller off equilibrium equation can be rewritten:

t v T8 )Vn,

C = C +xaC+C -a, (o - e -1 +1i
— W w t
C

Fus
Nac

The control of the equilibrium lift coefficient is obtained through the influence
of the term Be of the equilibrium equation. It is important to note that a change in
elevator deflection_does not change the slope of the pitching moment curve

(O‘CmCG/dCL).
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PO S I I A e T e

An example of the curves of pitching moment coefficient versus lift coefficient
for several elevator angles is shown in Figure 7. The airplane can now be flown in
equilibriurn flight at any lift coefficient in the unstalled range by merely changing
the elevator position. It should also be noted that, at least for the power off case,
elevator deflectior has no effect on static longitudinal stability.

NEGATIVE SIGN INDICATES
TRAILING EDGE UP

POSITIVE SIGN INDICATES
TRAILING EDGE DOWN

-0%

AIRPLANE LIFT COEFFICIENT

-id- “i \\

PITCHING MOMENT COEFFICIENT ABOUT
THE AIR®LANE CENTER OF GRAVITY
¢
e

FIGURE 7
CLASSICAL VARIATION OF CmCGVERSUS C_ FOR VARIOUS
ELEVATOR ANGLES

! The in-flight measurement of pitching moments about the airplane CG for
different values of lift coefficient (or airspeed) would be a tedious, if not impossibie,
'[ undertaking. This measurement can be made to some degree of accuracy in a wind
tunnel. However, an in-flight method is needed to determine or estimate the static
longitudinal stability of the real airplane. Using the principles already presented, a

methecd can now be developed.
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where °€Cy -g is the elevator angle required for zero lift coefficient, and is a

constant. Althougch zero airplane lift coefficient cannot be attained in equilibrium

.............

First, a cross-plot is made of the ¢levator angle required for eguilibrium versus

equilibrium lift coefficient {from i-igure 7). The cross-piot is presented as Figure 8.

must be emphasized that equilibrium conditions, i.e., zero pitching moments

about the airplane CG, is represented by every point on the curve of Figure 8.
{Equilibrium conditions do not necessarily imply, of cotirse, that the airplane is

“force trimmed’’ from the pilot's standpoint.) The elevator position versus lift

coefficient curve can be analytically represented by:

(&),

C

flight, the fact that e(.‘.|_=0is a constant is an important aid in the analysis of flight
test data, as will be seen later.

10 a. =0
& Te0 CL
E 5 3 - _ __3
o P
e o
hd 0 4
& ‘°§ 5 20
L
& o
a Tev | AIRPLANE LIFT COEFFICIENT
-10 e
FIGURE 8

ELEVATOR POSITION FOR ZERO PITCHING MOMENT
VERSUS AIRPLANE LIFT COEFFICIENT
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The slope of the curve of Figure 8 is obtained by differentiating the iast

equation with respect to lift coefficient:

dC
()
as, &),
&, T
| m

e

The elevator position required to vary the equilibrium lift coefficient (or
equilibrium air.peed} varies directly with the stick-fixed (or elevator-fixed) static
b longitudinal stability, deCG,’dCL, and inversely with the elevator control power,
Cmée' This relationship of eievator position versus lift coefficient or airspeed in
b equilibrium flight is often termed elevator position stability or longjtudinal contro!l
position stability. By measuring this relationship in equilibrium flight, a
i determination of the sign, but not the degree, of the stick-fixed static longitudinai
stability may be made. The degree of stahility cannot be determined unless the

numerical value of the elevator control power is known. From the last equation, it is

|:,' seen that, if 4Gy . /dCy = 0, L.e., the TG is at the stick-Tixed nsutral point, the siope
I of the elevator position versus lift coefficient curve will also be zero (Figure 9). This

fact wili be used later to estimate the airplane’s stick-fixed or elevator-fixed neutral
point. The neutral point determined from elevator position versus lift coefficient
N plots is often, more correctly, called the elevator rosition neutral point or
X T

g _ 10
: S TED
r =8
* X
=%O0 —
S . 20
¥ STe | AIRPLANE LIFT COEFFICIENT |
- = cL
FIGURE 9
- CLASSICAL CG EFFECTS ON ELEVATOR POSITION STABILITY
.-.'
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Stick-Free or Elevator-Free Longitudinal Stability

In the previous discussion, static longitudinal stability was related to the
variation of elevator position or longitudinal control position with lift coefficient or
airspeed. This variation was shown to be a function of the stability criterion,
deCG/dCL, with the longitudinal conirol rigidly restrained in a fixed position. The
discussion will now be expanded to include the effects of allowing the longitudinal
control surface to “float” in response to some vatiable in flight conditions. The
classical definition of control surface float is ‘‘to ride freely in the airstream,
changing position in response to pressure distribution over the surface.”” The classical

definition would apply only to a reversible control system, since the irreversible

controi system incorporates no control surface response to surface pressure
distribution. However, many irreversible control systems incorporate features
(stability augmentors) which move a control surface, independent of pilot action, in
response to dynamic pressure, normal acceleration, angular rates, or various other
flight variables. This movement of control surfaces in irreversible systems can also be
thought of as control surface ‘“float.”” At any rate, freeing *he longitudinal control
surface, i.e., allowing it to respond to some flight variable,may have profound effects
on the static longitudinal stability of airplanes equipped with either reversitle or

irreversible longitudinal control sysiems.

Stick-Free Static Longitudinal Stability - Reversible Controi Svstemn

If the airplane is equipped with a reversible longitudinal contrgl system, the
longitudinal control surface may float with or against the relative wind at the
horizontal taii. The direction and degree of float will depend upon the pressure
distribution over the control surface and the hinge mgmgnﬁ created at the control
surface hinge line by the pressure distribution. The pressure distribution, and
therefore the hinge moments, are governed by two major variables - the angle of
attack of the horizontal tail and the deflection of the elevator with respect to the

horizontal tail.




If the elevator is uncambered and hinged at its leading edge, the variation of
hinga moment with horizontal tail angle of attack for zero elevator deflection will be
! as shown in Figure 10, As anygle of attack is increased positively, the pressure

distribution creates a hinge moment which tends to make the elevator float up.

W +
4 +ay -HM
g e
E \____—-
vaeumve WIND
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| sId
o - +
w
=
-
b 4
| - -
' ANGLE OF ATTACK OF HORIZONTAL TAL
DEGREES

(3

FIGURE 10 ®~
HINGE MOMENT VARIATIOCN WITH ANGLE OF ATTACK

Now, it horizontal tail angle of attack is maintained at zero and the elevator is
| deflected, hinge moments will be created as shown in Figure 11. As elevator

deflection is changed from neutral, the pressure distribution generates a hinge

moment which tends to restore the original elevator position.




RELATIVE WIND

MOMENT AT ELEVATOR HINGE LINE
LB-FT

ELEVATOR %EFLECTION
e
DESREES

FIGURE Il

HINGE MOMENT VARIATION WITH CONTROL DEFLECTION

The total hinge moment, HM, is obtained by the addition of the two effects

noted above. In coefficient form, this relationship may be expressed as follows:

where

total hinge moment coefficient, elevator.

= hinge moment coefficient variation with angle of

attack at zero elevator deflection, normaily carries a

negative sign.

= hinge moment coefficient variation with elevator

deflection at zero angle of attack, almost invariably

carries a negative sign.




When the total hinge moment coefficient is zero, an equilibriuin condition is
attained where the ‘“floating tendency,” Chut’ is just opposed by the "rgstoring
tendency,” Ché . When this equilibrium condition is attained, the elevator angle is

e

called the “float angle’’ and may be expressed analytically as follows:

a
) = tu

®Float ‘hs
e

t

’—,Y—Efl; (Al sl Aot s Sunh R & uiue
T AP d !

if Choet and Ch S both have negative signs, the elevator wil! float up as angle of
attack increases positively and float down as angle of attack increases negatively.
This_effect reduces the static_longitudinal stability of the airplane (Figure 12).
Analytically, the relationship between static longitudinal stability with stick- or

bk B A B e i e aingy

elevater-fiee and stick- or elevator-fixed may be expressed as follows:
dC dcC a6
mce Bes ®Float
e T pied
Free Fixed e L

+Aey (INCREASE IN C , DECREASE IN V) -Aay; (DECREASE INC_ , INCREASE IN V)

é T - %
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RW \\“_—d’bT ( —— ST

= dary oAt TN
B A~
o BecLoar
{,_, When the elevator is unrestrained, and floats so as to align itself with the
relative wind, the ftloat phenomenon reduces the stabilizing pitching
- moments generated by the horizontal tail. This effect reduces the gtatic
[ longitudinal stability of the airplane, i.e., stick-free stability is less than
o stick-fixed stability.

FIGURE 12

EFFECT GF ELEVATOR FLOAT ON STABILIZING
INFLUENCE OF HORIZONTAL TA'L
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If the elevator control power coefficient (Cm6 ) and change in elevator float
e
angle with change in lift coefficient (d66F| t/dCL) assume their normal sign
0a
(negative), it can readily be seen that stick-free static longitudinal siability will be

less than stick-fixed static longitudinal stability (Figure 13).

JAS

| \\ STICK OR ELEVATOR
e FREE

"/

05 sw
STICK OR ELEVATOR

FIXED

S
T

G
&
T

I. c m
3
r

..
[s]
T

AIRPLANE LIFT COEFFICIENT

-ist
C.

PITCHING MOMINT COEFFICIENT ABOUT
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| FIGURE 13
& TYPICAL REDUCTION OF STATIC LONGITUDINAL
STABILITY DUE TO FREEING ELEVATOR

Center-of-gravity movement has the same profound effect on stick-free stability
as it had on stick-fixed stability. As the CG is moved aft, stick-free stability is
reduced. If the CG is moved far enough aft, the slope of the pitching rnoment-lift
coefficient curve becomes zero with the stick or elevator free. This CG position, at
which the airplane exhibits neutral static longitudinal stability with the elevator free
to float, is called the stick-free or elevator-free neutral_point, and is denoted by the
symbol {No’). Because the effect of elevator float on static longitudinal stability is
generally destabilizing, the stick-tree neutral point is usually forward of the
stick-fixed neutral point. Once the stick-free neutral point is known, the stick-free

static longitudinal stability can be obtained for any airplane CG position with good

accuracy from the following relationship:




The distance between the actual CG of the airplane and the stick-free neutral point

is called the stick-free static margin,

It is obvious that an in-flight method of measuring or estimating the stick-free
static longitudinal stability is needed. A method can now be developed to estimate

this important characteristic.

o

ick-Force or l.ongitudinal | Fore slity

it is convenhient again to study curves of stick-fixed and stick-free static

longitudinal stability (Figure 14).
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FIGURE 14
STICK-FIXED AND STICK-FREE STATIC LONGITUDINAL STABILITY

In this case, assume that the airpiane is trimmed for zero longitudinal control forces
for both the stick-fixed and stick-free cases at the same lift coefficient or airspeed
(point A}. If the pilot now wishes to decelerate and fly at a lift coefficient of 1.0
(point B), he must overcome the stabilizing pitching moment represented by the
distance betwean the stick-fixed curve at point B and the horizontal axis (CmCG=

-.08). Now, if the elevator is free to fleat, the pilot will only have to overcome the 0
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‘-.'j:;- ' stabilizing pitching moment represented by the distance between the stick-free curve
'3 and the horizontal axis (C""CG = -.025). The pilot must overcome the stick-frec
' stability with a change in elevator position from the float position to the position

for zero pitching momenits at C = 1.0. if he does not change the longitudinal trim .

) setting, stick-free stability will be indicated by the longitudinal control force
vt

required to_move_the elevator from_its float position to the position for zero

pitching moment (Figure 15).
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i Q Longitudinal control forces are generated by the requirement to move the

elevator from its float positicn to the position for zero pitching moments
for V, airspeed. The float angle, 8¢ Float, cannct be determined in
flighE, However, the longitudinal control force required to move the
elevator from float to equilibrium is an index of elevator float, thus

it is an index of stick-free stabiiity

FIGURE 15

GENERATION OF LONGITUDINAL CONTROL FORCES - REVERSIBLE
CONTROL SYSTEM

- Thus, the variation_of longitudinal ¢ontrol forces with airspeed abgut g force
trim__airspeed is_indicative of the stick-free static_longitudinal stability. This
L relationship can be expressed analytically as follows:
. ‘ v
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where dF¢/dV, = longitudinal coatrol force variation with equivalent
airspeed about a force trim airspeed, V, . .
trim

K = a constant dependent an gearing ratio between the

elevator and cockpit control stick, size of the

elevator, and horizontal tail efficiency factor.

(K = -GS, Cg ny)
Ché = elevator hinge rnoment coetficient variation with
e .
elevator deflection,
w = wing loading, ratio of gross weight of the airplane to
S L
the total planform area of its wing.
dC
mMeG. = stick-free stability.
dC,
“riee
Cm(i = elevator cornitrol power.
e

From a study of this ¢guation, it is ouvious that tha variation of longitudinal
sontrol force about a trim airspeed will at laost indicate whaether the static
longitudisai ctatitity of the airplane with the elevctor frou to fiout is uasitive,
neutral, or negative. However, this varieton vili nnt indicate the ggarez ot stability
uriess the numencal velues of Cmﬁ\p' WS, K, and Chbeare enewn. The relationship

of loapituuial cuntrol force versus airspesd in equilibrium flight about a trim

arspesa s often termed stick foree stability o ongiwudinat cones! furce stabi'iny. 1o

- ~b . e 2 ,.-‘l _ - -‘ . _} o -S y L} p".‘\ - r ": e ,:in .
s obvious that if (deui dCL)Hm 0, i.e., tha C3 is a1 the stivik-free nautiat poiny
the slope of the iongitudinal contiol forve versus ahspeed cuive will also be 2ero

{Figura 16). This fant will e used later 10 estimate the airpiane’s stick-fre2 neutral

point,

-

&
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The neutral point determined from longitudinal control force versus airspeed
plots will be the stick-free neutral point it, and only if, the longitudinal control

system incorporates no force feel “‘gadgetry,” such as springs or bob weights.

The neutral point determined from longitudinal control force versus airspeed
plots is often, more correctly, called the stick force neutral point or the longitudinal
control force neutral point. '
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FIGURE 16

CLASSICAL CG EFFECTS ON LONGITUDINAL CONMTROL
FORCE STABILITY

Minimizing Longitudinal Control Surface ‘‘Float” in the Reversible Coritroi System

The floating characteristics of the longiiudinai contro! surface depend on the

magniiudes of the parameters Chﬁt and (:h(r . It is important to recuce the floating
g

tendency of the control surface a5 much as possible in order to minimize the

variation in static longitudinal stability between the stick-fixed and stick-free cases,

This means the ratio of ChOit /'Ch(S should be as small as possible.
e




Also, Ch(“\: must not be too large or the agitudinal contrel forc2s wiil be
excessive. Methods of contralling the rnacnitude of the hinge moment parametears
are refaerred to as methods of aergdynamic balancing.

Common methods of aerodynamic balancing are showu in Figure 17. Thess
methods ail result in reducing the hinge moments created at the elevator hinge line
when changes in angle of attack and elevator position occw . Aerodynaniic batancing
not only reduces the floating tendency but reduces longitudiral contro! forcer

required to deflect the surface.

(A) SET-BACK HINGE

HOAN

(D) BEVELED TRAILING EDGE

FIGURE I7
METHODS OF AERODYNAMIC DALANCE
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Glick-Free Static congitudingl Stability - lrreversible Control System

For airplanes equinped with irreversible longitudinal control systems, freeing
e iengituding! cortrol surface, i.2., allowing it to respond to some flight variable,-
may have profound evfects on static longitudinal stability. The nature of the
irrevacsibie control system, howveever, does not allow a control surface to move
directly in response to a flight varable, in comparison to the reversible longitudinal
control whicti may respond directly tc surface pressure distribution by floating with
or againsi the relative wind. The movement of the control sutface in the irreversible
system must bz programmed withirg_the control system, This is accomplished by
providing sensors in the airplane to measure flight parameters, then feeding signals to
the irreversibie power control cylinders to move the control surface independent of
the pilot's actions, This artificial “fivat” or statc stability augmentation is almost
always incorporated to attemp: 1o correct siicik-fixed static longitudinal instability,
i.e.; an unstatzle elevator pasition - airspsed relationship. The acceptability of such
a dgevice musi ne determined in view of its reliability, the improvement in flying
qualities which results, and the increase in mission effectiveness which can be
realized. Generaliy, the use of such devices adds a marked degree of complexity to

the vontrol system,

For illustrative nurposes, the Yollowing example is presented of an irreversible
controf system incorporating a davice to provide artificial longitudinal control force
stability. Assurng that the airplane in some fiight condition exhibits the unstable
clevator position-girspeed relationship shown by the solid line of Figure 19. It is
obvious that the elevator paosition instability would precipitate longitudinal control
force instability for a “classical” irreversible control system in which longitudinal
control force is & direct function ot elevator position. However, devices can be
incorporated in the longitudinal control system to change the elevator position,

independent of pilot action, to an artificial “float” position as airspeed is varied

aboutr trim. One means of prowding the artiticial “float” is to incorporate an




airspeed and altitude sensor with an ‘‘extendable link” in the longitudinal control
system. These devices, then, can program “artificial elevator float’’ as airspeed is
varied about trim - shown by the dashed line of Figure 18. Since an extendable
link in the control system is utilized, the “artificial elevator float'’ does not result in-
cockpit control stick motion. Longitudinal control forces are generated by the
requirement for the pilot to move the elevator from the “artificial fioat”” position to
the position required for equilibrium. As shown in Figure 18, this movement is now
in the direction which results in a positive or stable longitudinal control
force-airspeed variation about trim (Figure 19). For a further discussion of the use

of extendable links on irreversible control system, see pages |V-49 through 1V-50.
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FIGURE I8

TYPICAL MEANS OF PROVIDING ARTIFICIAL LONGITUD-
INAL CONTROL FORCE STABILITY
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FIGURE 19

DEVICES IN THE IRREVERSIBLE CONTROL SYSTEM CAN
PROVIDE LONGITUDINAL. CONTROL FORCE STABILITY EVEN
WHEN ELEVATOR POSITION INSTABILITY EXISTS

Power Effects on Static Longitudinal Stability

The effects of engine operation on static longitudinal stability may be very
significant. Propeller power effects will be considered first; these effects may be
direct or indirect.

The direct propeller contribution arises as a result of the forces created by the
propeller itself. The components of the force created by the running propeller at
some angle to the reiative wind are the thrust force, Tp, and the norma!l force, Np
(Figure 20). The generation of the thrust force is obvious. The normal force is
generated as a resuit of the airflow being turned more perpendicular to the propeller

disc as it passes through the disc, This effect is sometimes referred to as the

“propeller fin effect.”




RW

~——

AIRPLANE CG
Np @Q—-- {

Tp hp

'P —-

FIGURE 20
FORCES CREATED BY THE RUNNING PROPELLER

From a study of Figure 20, it may be rationalized that the effect of prapeller
power on static longitudinal stability depends on the location of the propeller with
respect to the airplane center of gravity (CG). If the propeller is positioned ahead of

and beiow the GG, direct propeiier eifects are desiabiiizing.

The indirect propeller effects are a result of slipstream interaction with the wing

and horizontal tail and are cornposed of the following major contributions:
1. Effect of slipstream on wing-fuselage moments.
2. Effect of slipstream on wing lift coefficient, - .2
3. Effect of slipstream downwash at the horizontal tail.
4. Effect of increased slipstream dynamic pressure on the tail.
I firect propeller effects are difficult to predict. Their contribution to static

longitudinal stability may be stabilizing or destabilizing, depending largely on

whether the lift from the horizontal tail is acting up or down.
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Direct and indirect propeller effects on static longitudinai stability are generally
significant. For “conventional’” propeller airplanes {propeller ahead of CG]), the

combined effects are usually destabilizing,

The effects of power on the static iongitudinal stability of the jet propelied
airplane are somewhat simpler to analyze. The turbojet unit generates three major
contributions. These are the direct thrust effect, the direct normal force effect at the

air inlet, and the effect of the induced flow at the horizonta! tail due to inflow

toward the jet exhaust.

The direct effects of thrust and normal force are the same as previously
discussed for the propeller driven airplane (Figure 21). Whether the direct effects are
stabilizing or destabilizing depends entirely on the vertical and horizontal position of

the airplane center of gravity.

N AIRPLANE CG

FIGURE 2I
FORCES CREATED BY THE JET ENGINE

The indirect jet effect on static longitudinal stability is due to the jet exhaust
creating an inclined flow pattern around itself. If the horizontal tail is located in this
area of "‘exhaust inciined” flow, its angle of attack will be changed, thereby creating
moments that influence the static longitudinal stability of the airplane. This indirect
effect, sometimes called the “entrainment effect,” is usually slightly destabilizing.

The total infiuence of direct and indirect jet effects on static longitudinal stability is

usually destabiiizing.




-------------------

DYNAMIC LONGITUDINAL STABILITY AND CONTROL IN
UNACCELERATED FLIGHT

The previous discussion of longitudinal stability has been concerned only with
equilibrium fiight conditions. The discussion will now be expanded to study the
means by which one equilibrium flight condition is changed to another equilibrium
I. flight condition. This study of dynamic longitudinal stability and control
characteristics will require the investigation of nonequilibrium longitudinal flight

conditions.

The means by which the airplane may be stakilized at various lift coefficients
and airspeeds has been previously developed. A typical resbonse of the airplane in

angle of attack and airspeed to a longitudinal control input through the two

L ]

longitudinal modes of motion is shown in Figure 22. The control input (nose-up in
this case) generates pitching moments which initially cause only changes in angle of
attack. This is in response of the airplane through its short period mode of
motion - airspeed is essentially constant for this response because the short time
| interval does not allow speed changes. This mode of motion affects both
maneuvering and nonmaneuvering tasks because of its bearing on the initial response

of the airplane. However, its characteristics are most critical for maneuvering tasks;

! therefore, the short period mode will be investigated in the subsequent section of
| longitudinal flying qualities during maneuvering tasks.

b
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TYPICAL AIRPLANE. RESPONSE TO LONGITUDINAL CONTROL INPUT
The long period response of the airplane occurs after the short period motion y
I t_ has diminished to a near steady state condition. This typical long period motion is e
seen to be a second qrder response composed of airspeed variations at an essegtially i
constant angle of attack. Of course, altitude and atiitude will vary.
I In normal tlying of the airplang, the pilot would not ailow the fong period
motion to cause the airspeed oscillation presented in Figure 22. if the pilot desired .
to restabilize at 260 KIAS, he would apply a small longitudinal control input to
suppress the long period motion at about 10 seconds. However, it should now be
: apparent that the long period or "phugnid"1 mode of motion is utilized by the pilot
to make airspeed changes, Since a great deal of the pilot’'s effort during
nonmaneuvering tasks will be directed toward making airspeed changes in level
s flight, the pilot will devote much of his attention during these tasks to controlling
the long period mode of motion.
1The long period mode of motion was first described and named by F. W.
. Lanchester. Phugoid is from the Greek root for flee. It is believed Lanchester really
o wanted the Greek ront for fly.
Iv-31
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The remainder of this discussi.  will be directec toward describing the origin,

<heracteristics, and parametais affecting the long neriod mode of motion. N

Q:ain of the Phugoid Mode of Longitudinal Motion

W.thout derivation, which can be found in appropriate literature, the

determina. t of the transiormed longitudinal characteristic equation of motion for

“small” distuhances may be written as shown in Figure 23.
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Teras Generated By
Changes In Pitch Attitude

/

Terms Generated By
Changes in Angle Of Attack

S = Laplrce Operator.
g = accelaration due tn gravity.
u = horizontal velocity (uo = injtial horizontal velocity).
- abNwu . . . . .
- = change in drekg with change in horizontal velocity
divided by the mass of the airplane,
aD
l)u = mMa = change in drag with change in angle of sttsck
OEh divided by the mass of the airplane.
RN XY - R
L — change iid iift with change in horizontal velocity
. divided by the mass of the airplane.
aLBa . .
L = . change in lift with change in angle of attack
a divided by the mass of the airplane.
aIMAu . . . . . .
M = = change in pitching moment with horizontal velocity
u yy divided by the moment of inertis in pitch, a
speed stability term,
IMfAd a , .
N =y— = change in pitching moment with mngle of attack
¢ Yy divided by the moment of iaertia in pitch, an -
angle of attack stabiiity term,
H& . AMps change in pitching mment with rste of change of
vy angle of attack divided by the moment of inertia

in pitch, a'Hownwash lag' term.

change in pitching mument with rate of change of pitcn
divided by tne moment
rate damping temm.

FIGURE 23 k
THE LONGITUDINAL DETERMINANT :

of inertis in pitch, a pitch
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Before proceeding, a few comments are in order concerning angle of attack

stability and speed stability. These terms will be used extensively in discussions of
longitudinal dynamics. Angle of attack stability may be expressed in coefficient
form & 3 Cﬁ/a aor Gy’ i.e, the changein pitching moment coefficient with change in_
angle of attack at_a constant speed. Angle of attack stability norimally carries a
negative sign; i.e., positive increase in o(nose-up) generates a negative (nose-downy)
pitching moment. Under restricted conditions (power-off gliding flight at a low
Mach number) where C, is a unique function of o, angle of attack stability can be

related directly to the familiar static stability criteria de/dCL as follows:

3 Cm/3 a
4G, /dCy, = 5T 7aa

Thus, for these conditions, static longitudinal stability (dG,,/dCy <0) guarantees
angle of attack stability (3G,/da < 0).

Speed stability may be expressed in coefficient form as a_c_:r_n_or Cmu; i.e., the
change in pitching moment coefficient with change in horaizontai velocity at @
constant anale of gttack. The Cmu term is normally very small for the moderate and
low subsonic Mach numbers. In the high subsonic regime, Cmu is normally negative

and in many instances large enoigh to make the airplane statically unstable.

The soiutions of the longitudinal determinant will provide useful intormation
about the longitudinal modes of motion. The classic long period or “phugoid”’
approximation is of concern at present. In order to make this approximation, several
assumptions must be made. These assumptions, based on flight expenence and

logical reasoning, arz as follows:
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1. The angle of attack stability, M, , is large enough so that very small changes

(i.e. near zero) of anjle of attack are required to counter pitching moments
generated by pitch rates, pitch accelerations, and velocity changes. This
implies M, is quite small and that the frequency cf the phugoid is quite

low.

2. The previous argument justifies the assumption that the angle of attack is a

constant during the phugoid oscillation.

3. The assumption that little compressibility effects occur enhances the

approximation,

If the above assumptions are valid, the lift and drag portions of the lengitudinal
determinant are the controlling factors for the long period motion. The classic long

period approximation or “phugoid minor’ may then be written as follows:

S+Du g

l‘u/ u -5

Sclving the determinant yields the foliowing second order characteristic

equation:

2
S” + DuS + g Lu/uo a 0
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Thetrefore, the undamped natural frequency ang Jamping ratiQ of the phugoid

mode of motion may be develeped ! as follows:

w = undamped phugeid frequency =47 ﬁ
e

e PR &)
Lol | -]

;p = phugoid damping reric = .ﬂl_

Vi)

For a tiighily damped oscillation, the damped natural  frequency is
approximately equal to the undgmped ratural frequency, so:

v = damped natural fregquency = W2 -ﬁ-—
[+}

The period of tha iong period imotion is thus appireximateu hy:

e

N

Pp (sec) = .138 v, (waere u, is in feet per sec.)

Thus, the perivd T the phwgnid iz seen 10 he u function of horizomal velocity
(uy) or aisnged (VI, ibout which the nietion osciilates. This ia a reasonable
approximation ftor the phugoid period. It is reacily sean that the veriod of the
phuEQiG motion is very ong.

The damping ratio of the phugoid motion may be spproximated by the

following relationship:

.707

~

% o

Y3.veral marremat ce! man.pulations huve besn omitted.
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This approximation for phugoid damping ratio is not as accurate as the
agpproximation for the phugoid period. However, it does point out that phugoid
damping_varies inversely with the ratio L/D). The phugoid mode of motion, if
allowed to persist, therefore exhibits a prolonged oscillation that damps very s!ow!y.-

Characteristics of the Phugoid Mode

Additional insight into the iong period or “phugoid’” mode of motion may he
gained by studying the flight path of an airplane during a phugoid motion which is
allowed to persist. The actual motion involves alternate climbing and diving and
airspeed variations between an excess at the bottom of a cycle and a deficiency at
the top. During these oscillations, the airpiane trades kinetic for potential energy
and vice versa - corresponding to airspeed and altitude variations. To an observer
with a statiorary viewing pcint, the airplane motion during a iongitudinai phugoid

would appear as shown in Figure 24,
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FIGURE 24
TYPICAL PHUGOID FLIGHY PATH (STATIONARY VIEWING POINT)
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If the observer were flyiny alongside at constant airspeed, the airplare long

period motion would appear as in Figure 25.

:| \—7— IF OSCILLATION EXKIBITS ZERO

NANMPING, PATH OF MOTION
\ @D wiLL. BE ELLIPTICAL

\ \ MM‘WERS FOSITION

\\'/

\‘4 - ¥ OSCILLATION IS IWMPED, PATH OF
- MOTWMY WiLL BE A SPIRAL TOWARD
THE CENTER

FIGURE 25

TYPICAL PHUGOID MOTION (MOVING VIEWING POINT)

From the moving viewing point, th2 airplane will appear to rise and fall like a
mass suspended on a spring. For a constant angle of attack, the excess airspeed on
the downswing produces excess lift; the deficiency of nirspeed on the upswing
results in less iift. These vartations in lift result in net downward forces at the tap of
the oscillation and net upward torces at the bottomi. These forces may be thougnt of

as the effective gpring constant in the system,

Drag forces vary also as the airplane uscillates irs the 1or:g poriod motion. At the
top of the cycle, where airspeed is reduced, drag is reduced. This results in a net
forward force. Conversely, a net backward torge is generated by thie increase in drag
at the bottom of the cycle. It is essily seen that thase chg ges 1 drpa aouwid tend to
damp the forward aad backward components of motion. This would cause the
elliptical path to degeneraie inio a sci-al path toward the uerter opposite the

observer’s position {(Figure 25).
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Adsiisional Parameters Affecting the Phugoid Mode of Motion

“Tre discussion of longitudinal long period motion to this point has included no

consideration of varying CG, angle of attack stability (Ma)' or speed stability (Mu)'

or the effects of power. The effect of varying these parameters will now be shown
t by utilization of the convenient root locus blots. The “classic’’ phugoid roots with
i the characteristics previously developed are shown in Figure 26. The “classic’’ short

period roots are shown for completeness; however, the main concern here is the long
periocd Frotion,

The long period mode of Figure 26 is 1ypically stable, oscillatory, and lightly

damped. The CG is somewhere forward of the stick-fixed neutra! point. (Note: The

characteristics is usually negligible. The stick-fixed case was chosen arbitrarily for
thiy discussion,)

IMAGINARY
Q‘;\.,. X AXIS

SHORT PERIOD

|

i

‘ stick-fi ;e case could be used; however, the influence of the free elevator on phugoid
|

|

{

|

\ ROCTS

l
K 'L —— - REAL Axig
|

LONG PERIOD
ROOTS

X

FIGURE 26

CUMPLEX PLANE REPRESENTATION OF CLASSIC PHUGGID
AND SHORT PERIOD MODES OF MOTION




Now, if the CG is moved progressively further aft toward the neutral point, the
fregu f the phugoi decrees rigg ; r) and the damping

remains essentially constant (Figure 27),

IMAGINARY

X AXIS
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|
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i REAL
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CIGURE. 27
EFFECT OF AFT CG MOVEMENT ON PHUSOID
fAOCE :
i the €6 is moven far enough aft, the gscillatory phugoid mode degenerates

into a pair of aperiodic 1.1odes represented by the branches AB and AC or Figure 28.
The CG position gt which the phugeid becomes aperiodic {Puint A) is generally just
slichtly forward of the neutral pairt. When the CG is mouved aft of the neutral roing,
the branch of the aperiodic mode AC crosses the imaginaiy axis representing a
diveragnce rxrge - i.e., the airplane i; statically unstakle when the G is al. of the
neutral point. This situation is sasy o visualize - any change of airspeed from a
trimmed conditinn for a staucally unstable ewrplane results io a further pure

divergence ir. airspeed.
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FIGURE 28 )
DEGENERATICN OF PHUGC'D MODE INTO APERIODIC

MODES

If the CG is moved further aft past the neutral point, the branches of the
phugoid mode and short period mode meet. At this point, a new oscillatory mode
arises corresponding to the branches DE and DF of Figure 29. This is a stable
oscillation whose damping and period both lie somewhere between those of the
short period and phugoid. This mode of motion is of academic interest only since
this iar aft CG position is seldom encountered due to the strong static instability

which would exist.
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FIGURE 29

GENERATION OF THE "THIRD LONGITUDINAL OSCILLATORY

MODE"

The effect of varying angle of attack stability, Ma' can be studied by first
assuming the M,; is zere, then allowing M, to increase negatively from zero. (This is
the normal sign of M, since, for stability, positive {(nose-up) increases in angle of
attack must generate negative (nose-down) pitching moments.) The effect of

increasing angle of attack stability is shown in Figure 30, and is seen to be exactly

the same effect as moving the CG forward from the stick-fixed neutral point.




IMAGINARY
AXIS

v
[u.=o]
FIGURE 30
EFFECT OF INCREASING ANGLE OF ATTACK
STABILITY, Mg

wrisnCs is

The infiuence of changing speed stability, M,; on long neriod characteristics
mainly to change the frequency (or period) of the motion. If the roots are initially
positioned according to the “‘classic approximation,’” and M, is reduced (decreasing
speed stability), the effect will be shown in Figure 31. If the product Mul.a becomes
greater than M aLu' a branch of the long period mode crosses the imaginary axis and
the motion becomes a nonoscillatory pure divergence. This phenomenon is easy to
visualize - an increase in airspeed would generate nose-down pitching moments. The
airplane possassin ity may be difficuil io fly. This depends on the rate
of di.argence. Speed instabitity s quite often encountered in the transonic tlight
regime.
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IMAGINARY

& AX{S

Malu-Mule:=Q
REAL
AXiS

Me (STABLE)
X
r
l FIGURE 31
INFLUENCE OF REDUCING SPEED STABu.TY,
My

1 If the roots are again initially positioned according to the “‘classic
i approximation’’ and M,, is increased positive'y, the effect may be as shown in Figure

32. If M,, is increased pusitively o sufticient amount, and if M o 1S not too large, the

long period motion mav hecomse an occiflatory diveraence If the mation ic very
I divergent, flying qualities may be seriously degraded, although usually not ;_.
l. as much as the condition of nonoscillatory pure divergence. '
’ IMAGINARY '

2XIS
W
V
| , * REAL
] 1 AXIS
‘ e
FIGURE 32

POSSIBLE EFFECT OF INCREASING SPEED
STABIL.ITY, Mu
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For the propeller driven airplane, engine operation may have a large effect on
’ damping of the long period motion. For a constant brake horsepower, thrust
increases at decreased airspeed adding a net forward force at the top of the cycle and
vice versa. This phenomenon increases the damping of the phugoid oscillation. Jet

I engine operation has negligible influence on phugoid characteristics.

LONGITUDINAL CONTROL SYSTEM {MFLUENCE ON LONGITUDINAL
FLYING QUALITIES DURING NONMANEUVERING TASKS

Longitudinal control system design will have a profound effect on longitudinal

flying qualities during nonmaneuvering tasks. A thorough understanding of the

! effects of control system ‘“‘gadgetry’” on longitudinal flying qualities is essential for
the flight test engineer and test pilot.

Gaﬁnnfru Llead In nefh Pn‘v'nf"ih!“ and Yrrovarst tsn HPS i”,.i Conti | Sy ihi

The simple spring is often used to provide a steeper gradient of longitudinal

control force versus airspeed and to provide good control stick centering. A simple

spring arrangement and its effect on longitudinal control force stability is shown in

Figure 33.
w VY wiTHOUT SIMPLE SPRING
" et A F (PR} 'S ]
K s &
S e WITH SIMPLE SPRING
| {SPRIKG CONSTANT) a!
F——i % L ol
@ v,| Joe
I TO EL.E VATOR § trim
' ) PUSH EQUIVALENT AIRSPEED, KEAS
FIGURE 33
L SIMPLE SPRING ARRENGEMENT AND INFLUENCE ON
STATIC LONGITUDINAL STABILITY CHARACTERISTICS
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The preloaded downspring arrangement has a similar effect on longitudinal control
forces as can be seen from Figure 34. When utilized in a reversible control system,

the downspring has a tendency to ‘““drive’” the long period or phugoid motion

B k) Lo
s f;’ .
PREES L e e

divergent with controls free.

PULL
A%, (UL} WITHOUT PRE-LOADED DOWNSFRING

(- ) ‘

Ps =CONST.

|

LOMG. CONTROL FORCE
FG
o

TO ELEVATOR

PUSH EQUIVALENT ARSFEED, KEAS

FIGURE 34
PRE-LCADED DOWNSPRING ARRANGEMENT AND INFLUENCE ON
STATIC LONGITUDINAL STABMLITY CHARACTERISTICS

\‘

This is due 1o the sieady unbalancing furce which is always appiied fo the
longitudinal contrel system. This unbalancing force is ““trimmed out’’ by the pilot at

the control force trim speed; however, the force becomes a factor as airspeed varies

| - in the long period oscillation and may precipitate elevator inputs sufficient to

! destabilize the oscillation.

Althougn the beb weight is normally used to influence maneuvering
characteristics, it has some effect on longitudinal control force stability as shown in
- Figure 35.
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AF (PULL)
8

NEGATIVE BOSWEIGHT
r-=3

LOMNG. CONTROL FORCE
Fs
—2

2~ MTH POSITIVE BOBWEIGHT
1 N0 BOBWEIGHT
i, WITH NEGATIVE BOBWEIGHT

W v -
b etrim
TO ELEWATOR pusH!

EQUIVALENT AIRSPEED, KEAS

FIGURE 35

BOBWEIGHT ARRANGEMENT AND INFLLUENCE ON STATIC LONGITUDINAL
STABILITY CHARACTERISTICS

Gadgetry Used Only In Reversible {.ongitudinal Control Systems

The blow-down b may be used to increase the gradient of longitudinal control

force versus airspeed. As shown in Figure 36, the blow-down tab remains “‘on the

stop” until the airplane has accelerated to a speed where the spring force |

~
v

overcome. This specd must be slower than take-off speed or the pilot will be

confronted with sericus longitudinal control force norlinearities at flying airspeeds.

FORWARD STICK , \
d--____J ELEVATOR

TO COCKPIT

PULL

~

:
BLOW-DOWN TAB g
o
s
-t

Lo

PUSH

FIGURE 36

TiB COMES OFF STOBR

N
EQUIVALENT AIRSPEED \

BLOW-DOWN TAB ARRANGEMENT AND EFFECT
ON STATIC LONGITUDINAL STABILI TY CHARACTERISTICS
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Another means of modifying longitudinal stability and control characteristcs is

through the use of lagging gnd leading tabs. These arrangements have a dual effect in
that they modify elevator float characteristics as well as changing longitudinal

control force requirements (Figure 37).

TO COCKPIT RACK STiCK LEADING ARRANGEMENT
P BASIC
. ELEVATOR / » PULL BASIC ELEVATOR
- ’;‘ . e
-y

N
> @ LEADING TAB ADDED

,”

LOWS. CONTROL FORCE
5
o

v I 1 et ol
7 LAGGING TAS ADD'NG ",. ~ +%
LAGOING APRANGEMENT frim
oUsH EQUIMMLENT SPEED, KEAS .
‘LEADING TAB ANRANGEMENT | |HCREASES d"udv., REDUGES 3, h
FLOAT

LAGOING TAB ARRANGENENT : pECAEAses Ys/dv,  worenses 3,
FLOAT

FIGURE 37
LEADING AND LAGGING TABS

The longitudinal servo tab is frequertly used in very large airplanes or
medium-sized airplanes capable of high subsonic airspeeds. With a servo tab
arrangement, the pilot moves the servo tab through control stick motion. Movement
of the servo tab generates forces and moments which cause the elevator to move
(Figure 38). By use of the servo tab, longitudinal contro! forces required of the pilot

are very greatly reduced.

PULL
WITHOUT SERVO TAB
" AN
FREE TO ROTATE B N\
gwr WITH SERVO TA
ok fi—
ELEWTOR = % !
/ y o ! +Ve
= Va N\
FORWARD STICK 3 trim \
Afrws .
EOUWLENT AMSPELD, KEAS
10 COCKPIT PusSH \

FIGURE 38
LONGITUDINAL SERVO TAB ARRANGEMENT
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Another arrangement used to modify longitudinal stability and control
characteristics is the preloaded spring tab, which is a modification of the servo tab
described above. The preloaded spring tab does not modify longitudinal control
forces about the trim airspeed until the preloaded force is exceeded {Figure 39).
Once longitudinal control forces are greater than the preload of the spring, the servo

action of the tab reduces the longitudinal contro! force-airspeed gradient.

FORWARD STICK
P

. rULL

FREE TO ROTATE Kmaut SERVO ACTION {K = D)
[ Y]

PFELOA
g :-5 "_ amou-‘;
{
gu‘”or’lﬁm SERVO i 1
z
o i
[+ ]
% . NS
-4 trirm N
PUS-
FIGURE 39
PRE-LOADED SPRING TAD ARRANGEMENT
Gadgetry Used Only In Irreversible Longitudinal Control ms

Fully irreversible longitudinal control systems generaily incorporate simple
springs, bob weights, and viscous dampers to provide the pilot with longitudinal
control ““feel.” In addition, other control system gadgetry may be utilized to

improve longitudinal stability and control characteristics. Some of these

arrangements are discussed below.

The extendable link rnay be utilized to provide longitudinal control force

stability even though the airplane exhibits elevator position instability. A typical

extendable link arrangement is shown in Figure 40.
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et '
POSITIVE BOBWEIGHT k VISCOUS DAMPER

EXTENDABLE LIMK SERVOi MECHANISN

4 =8 ELEVATOR

-

SIGNAL TO EXTENOABLE LINK

lWEED 8 ALT,

FIGURE 40

IRREVERSIBLE LONGITUDINAL CONTROL SYSTEM WITH
EXTENDABLE LINK

P The extendable link mechanism may be used to program an artificial “float"’
into the longitudinal control system as airspeed is varied about trim (Figure 41).
Since the pilot moves the elevator from the “float"" position to the position required

H for equilibrium, longitudinal control forces are in the correct direction.

- 3
& ”n
! v TEU  Lmerane exmmiTs PLOY ACTION u'}
o § ELEVATOR POSITION INSTABILITY / g
K w jj’
N § g Py 3 —_—
~ X o = N
: ® o o M
I 13
ﬁ 5 ARTIFICIAL "FLOAT" wTRoDUCED ¥
) 3 I WITH EXTENDARLE LIKK <
o TeEo AINSPEED, KIAS PUSN AWMSPEED, XAS
FIGURE 41

EXTENbABLE LINK CAN RROVIDE ARTIFICIAL CONTROL FORCE STABILITY
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Other devices sometimes used in irreversible longitudinal control systems are
the mechanical_advantage changer and the “g - bellows,” Both these devices are
used to cope with poor basic airplane characteristics, such as neutral or negative
elevator position gradients or nonlinearities in relationship of elevator position with
airspeed about trim. One of the characteristics usually generated by the action of
both these devices is cockpit stick motion. However, this motion is usually so slight

that it is not objectionable and usually is not noticeable, Certain types of

“q - bellows’” systems have demonstrated a propensity toward failure through
atmospheric icing.




TEST PROCEDURES AND TECHNIQUES
NONMANEUVERING TASKS

PREFLIGHT PROCEDURE

A rigorous investigation of longitudinal flying qualities during nonmaneuvering
tasks must begin with thorough preflight planning. The purpose and scope of the
investigation must be clearly defined, then a plan of attack or method of test can be

formulated.

Preflight planning must start with research. This includes a study of the airplane
and a thorough study of the longitudinal control system - including stability and
control augmentation if installed. All available information on longitudinal stability
and contro! characteristics should be reviewed. Much useful information can be

gained by conferences with pilots and engineers familiar with the airplane.

The particular nonmaneuvering tasks to be investigated must be determined and
clearly understood by the flight test team, These tasks, of course, depend on the
mission of the airplane. It is particularly important during the investigation of
nonmaneuvering tasks to determine if these tasks will be performed in instrument
fliight {IFR) conditions or merely visual flight (VFR) conditions in operational use.
Certain undesirable characteristics can be accepted for VFR missions, but are not

acceptable for IFR missions.

The test conditions - configuration, altitude, center of gravity, trim airspeeds,
and gross weight - must be determined. Test conditions should be commensurate
with the mission environment of the airplane. Center of gravity position is extremely
critical for longitudinal stability tests. If flight test time permits, tests at the most aft

and most forward operational CG positions should be perforined after adequate




build up. if flight test time is limited, tests should be performed at the most aft
operational CG position (aft critical loading). Note: If the test program is aimed at
determining forward and aft CG limits for operational use, appropriate CG iimits

will be promulgated or recommended by the test activity or higher autharity.

The amount and scphistication of instt;umentation will depend on the purpose
and scope of the evaluation. A good, meaningfu! qualitative investigation can be
performed with only production cockpit nstruments and portable
instrumentation - hand-held force gauge, stopwatch, and tape measure. Automatic
recording devices, such as oscillograph, magnetic tape, and telemetry, are very
heipful in rapid data acquisition and may be essential in a long test program of
quantitative nature, Special sensitive cockpit instruments are also very useful, not
only aiding in data acquisition but also aiding in stabilization for equilibrium test

points.

The final step in preflight planning is the preparation of pilot data cards. An
example of a longitudinal stability and control data card for the investigation of
nonmaneuvering tasks is shown in Figure 42. Many test pilots desire to modify data
cards to their own requirements or construct data cards for each test. At any rate,
the data cards should list a!l quantitative information desired and should be easy to

interpret in flight. Blank cards should be utilized for appropriate qualitative pilot

comments.




LONGITUDIRAL STABILITY AND CONTROL RECORD CTARD WUMBER

NOW~MANEUVERING TASKS .
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FIGURE 42

LONGITUDINAL STABILIT\' AND CONTROL RECORD FOR
NON—-MANEUVERING TASK™
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FLI E QUE
The Qualitative Phase of the Evaluation

Longitudinal stability and control characteristics must be evaluated in relation
to their infiuence on various nonmaneuvering mission tasks. Therefore, the test pilot

must devote a portion of the evaluation to performing or simulating the
nonmaneuvering tasks which have heen selected. While performing these tasks, the

test pilot gains the essential gualitative opinion of the longitudinal flying qualities
and should assign handling qualities ratings. Without recording a single item of data,
the test pilot should be able to form a good opinion of the missiop effectiveness of
the airplane, at least for the particular task being evaluated. This opinion will be
based on the amount of atterition and effort the pilot must devote to “just flying

the airplane.”” Due consideration must be given during this phase of the test to the

following factors:

1. Whether the mission task will be performed in VFR and IFR weather, or

strictly in VFR conditions,

2. The availability of an autopilot or automatic flight control system for pilot
relief.

3. If stability or control augmentation systems are installed, the consequences

of their failure.

The tesi pilot's qualitative opinion of the airplane’s longitudinal flying qualities
in relation to the selected mission task is the most important information to be
obtained. Therefore, this phase of the test must not be overlocked. The test pilot
protiably will have some ideas as to the particular characteristics which make the
airplane easy or hard to fly even before proceeding to the guantitative phase of the
testing. Use of the quantitative test techniques to be discussed below hopefully

allows the test pilot to substantiate his qualitative opinion.
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Measurement of the Mechanical Characteristics of the Longitudinal Control System

Mechanical characteristics of the longitudinal flight control system have a major
influence on longitudinal flying qualities. The mechanical characteristics to be

evaluated are defined as follows:

1. Breakout forces including friction: The longitudinal cockpit control force
from the trim position required to initiate movement of the longitudinal

control surtace.

2. Friction: Forces in the longitudinal control system resisting the pilot's

effort to change the control position.

3. Freeplay: The longitudinal cockpit control motion from the trim position

that does not initiate movement of the longitudinat control surface.

4, Centering: The ability of the longitudinal cockpit control and the ?‘5,.
fongitudinal control surface to return to and maintain the original trimmed

position when released from any other position.

5. Control System Oscillations: Oscillations in the longitudinal contro!
system (elevator and cockpit control stick) resulting from external or

internal disturbances,

Breakout Forgces, Inciuding Friction. Friction in the longitudinal control
system is unavoidable, however, it should be kept as low as possible. The effect of
friction (without breakout) on longitudinal flying qualities can be rationalized by a
study of Figure 43. The true variation of longitudinal contro! force versus airspeed is

represented by the solid line and the superimposed friction is represented by the

iv-56




(B

'@

dashed lines. In this case, the combination of a shallow control force gradient and
significant longitudinal friction ((+) 1.5 pounds) create poor control characteristics

about trim airspeed. Thesc characteristics would be as follows:

1. Poor longitudinal control “‘feel” about trim in that the friction masks the

longitudinal control force stability from 150 to 190 KIAS.

2. Poor trimmability in that the airplane will stabilize at any speed from 150

to 190 KIAS with the same longitudinal trim setting. This band of airspeed
is called the “"trim speed band.”

By judiciously adding some breakout force to the longitudinal control system,
the undesirable effects of friction in the control system may be eliminated.
This effect may be rationalized by a study of Figure 44, which is the same
plot as Figure 43 except for the addition of a breakout force and is a
typical plot of longitudinal control force variation with airspeed for a real
airplane. In this case, the addition oi a breakout force equal to the friction
force reduces the poor control "feel" about trim and reduces the trim speed
band to zero. There are other advantages to having some breakout in the
longitudinal control system. Breakout forces allow the pilot to rest his hand

on the control stick without introducing inadvertent longitudinal control

inputs.
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However, breakout forces must not be excessive or longitudinal flying qualities
will again be degraded. For example, breakout forces must be suitably
matched to the longitudinal control force stability. A combination of high
breakout and very shallow longitudinal control force variation with-
airspeed (Figure 45) results in a noticeable control force nonlinearity about
trim airspeed. This results in poor control "fecl" about the trim airspeed.
Since the pilot trims the airplane through stick force "feel," the high
breakout force may result in poor trimmability. This is because the pilot
has difficulty in determining when his applied stick torce is equal to the

breakout force (a criterion for trim) if the breakout is large.
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POOR MATCHING OF STATIC LONGITUDINAL. STABILITY
AND BREAKOUT FORCES

In general, friction should be as small as possible in the longitudinal control
system; some breakout is generally Leneficial, but too much resuits in undesirabie
characteristics. Breakout forces, including friction may vary with atmospheric
conditions, such as temperature and humidity, as well as trim conditions, such as
longitudinal stick position. However, this variance is usually very small. For the
irreversible longitudinal control system, breakout forces, including friction, usually
do not vary from static condition {on the ground) through the airplane’s entire flight

envelope.
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It should be obvious from studying Figures 44 and 45 that breakout force can
never be measured alone, unless there is zero friction force, Therefore, preakout

forces, including friction,are measured at the trim airspeed of the test, and friction

alone is measured at stabilized airspeeds above cr below trim airspeed. Breakout
forces, including friction, are measured in flight with the hand-held force gauge by
carefully stabilizing at the trim airspeed, then applying slow and smooth forward
and aft longitudinal control forses in turn until movement of the elevator is
detected. Movement of the elevator can be detected by visually observing elevator
movement, use of an eievator position indicator, or by observing airplane pitch
attitude changes. If the latter method must be used, extremely slow and smooth
control force inputs should be made in small increments until pitch attitude
response is noted. Caution must be exercised because the airplane wiil require a
finite time interval to respond in pitch attitude to the elevator movement. This
becomes particularly critical in 'arge, slow responding, transport and patrol
airplanes; therefore, for such airplanes, incremental force increases of approximately
1/2 pound are recommended. If automatic recording devices'are utilized, breakout
furces, inciuding friction may be measured from the recording traces as shown in
Figure 46, More rapid longitudinal force inputs will allow trace
"obreakaways" from the trimmed condition to be more easily identified but
will aggravate the effect of time delays in the control system (for

example, hydraulic actuator response lag) causing an increase in the

apparent breakout (including friction) force.
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Friction forces may be measured by stabilizing at airspeeds above or below trim
airspeed {outside of the influence of breakout). After stabilizing at an airspeed above
or below trim, the pilot slowly varies stick force untii he observes elevator
movement or airplane pitch attitude change. Longitudinal friction will be measured‘

as the difference between maximum_ and minimum longitudinal _controi _forces

required to maintain_the stabilized airspeed (see Figures 44 and 45).

Breakout, including friction, may be measured on the ground for airplanes
equipped with jrreversible longitudinal control systems where longitudinal control
force is merely a function of longitudinal control deflection. However, ground
measurements should be checked with an in-flight measurement. |t is obvious that
in-flight measurement at various airspeeds is the only means of accurately

determining these characteristics for the reversible control_system.

Freeplay. Freeplay in the longitudinal control system should be as small as
possible, Excessive freeplay will cause difficulty in performing precise maneuvers
such as level accelerations or decelerations and tracking. The pilot will generally
resort to flying the airplane “out of trim’’ during precise maneuvers to avoid the
necessity to continually move the longitudinal control stick through excessive
freeplay. Freeplay, expressed in inches or degrees of longitudinal cockpit control
movement, is measured in flight at the trim airspeed much the same as breakout,
including friction, was measured. Ground measurements may also be made for

irreversible control systems,

Centering. Positive centering of the longitudinal control system is
shown by an inital tendency of the cockpit control to return towards the
trimmed position when released from a displaced position. If the control
returns exactly to the trimmed position, then absolute centering is
displayed. The longitudinal control system should exhibit positivz centering
in flight at any stabilized trim airspeed. Poor centering generally results in
objectionable tracking characteristics or large departures in airspeed

without constant pilot attention to the control of the airplane. Centering is
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qualitatively evaluated in flight at the trim airspeed by displacing the
longitudinal cockpit contrel smoothiy to various positions and observing its
motion upon release. If poor centering is apparent, measurements of the
difference between the trim position and the position attained after
release may be made with automatic recording devices or hand-held
cockpit instruments, such as a tape measure. Irreversible control system

centering characteristics may be evaluated on the ground.

Control System illations. Oscillations in the elevator control surface and the
entire longitudinal control system, initiated by either external perturbations or pilot
action, should be well-damped or deadbeat. Lightly damped or undamped motion
can result in annoying and dangerous oscillations in normal acceleration, particularly
during flight in turbulent air. Damping of the control system is measured in flight by
abruptly deflecting and releasing the lonygitudinal cockpit control {sometimes called
a ‘'rap” input) and observing the resulting motion in the control surface and/or the
cockpit control stick. Use of automatic recording devices or a cockpit mounted
indicator aids in data acquisitiun. if these are not avaiiabie, the test
pilot must resort to observing the motion of the cockpit controi stick. It must be
remembered, howsever, that motion of the control stick may or may not be the same
as moticn of the elevator, depending on the amount of freeplay in the longitudinal
control system. lrreversible control system oscillation characteristics may be
checked on the ground; however, these characteristics should be evaluated in flight
to insure there is nc coupling between airplane motion and control system

dynamiics.

Measurement of f.ongitudinal Control Force Stability. Elevator Position Stability,
and Flight Path Stability

It should be apparent that some deyree of longitudinal control force and
elevator position stability is desirable. These static longitudinal stability

characteristics contribute to good longitudinal trimmabitity and maintenance of the
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trimmed condition. In addition, the longitudinal cockpit control forces and motions
required in changing flight conditions are simple and natural if longitudinal control
force and elevator position stability are present. However, if tog much stability is
present, the airplane may be yery difficult to conirgl in that large longitudinal
control forces and position changes may be required to change airspeed in
unaccelerated flight. The degree of iongitudinal control force and elevator position
stability which is desirable or acceptable in any airplane depends on the mission of
the airplane and the multitude of pilot tasks required to accomplish that mission.
However, it can be rationalized that for the nonmaneuvering tasks under evaluation,
some degree of static longitudinal stability is desirable for pleasant longitudinal
flying qualities. In addition, plots of longitudinal control force and elevator position
versus airspeed should be smooth and their local gradients stable within a reasonable

airspeed band about trim airspeed.

it ic dasirable that

AI!’\

L4

ot changes airspeed Ly use of ihe elevaior
control alone, increases in airspeed are accompanied by decreases in flight paih angle
(V) (i.e., less climb or more dive) and decreases in airspeed are
accompanied by increases in flight path angle (i.e., more climb or less

dive). This characteristic is referred to as flight path stability and is really

a performance characteristic; i.e., it is dependent on whether the airplane
is operating on the "front side," "back side,” or "flat portion" of the power
required curve. However, it may have a major influence on pilot workload,
particularly in approach configuration where "back side" or "flat porticn"
operation may require continuous throttle and longitudinal control inputs to
maintain desired airspeed and rate of descent. Flight path stability may be

conveniently measured during static longitudinal stability tests by noting

rate of climb or rate of descent ati each test point. A plot of change in rate

of climb or descent versus airspeed indicates flight path stability or

instability (Figure 47).
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' MEANS OF PRESENTING FLIGHT PATH STABILITY DATA
In analyzing flight path stability in the landing approach phase, a plot of
! flight-path angle versus true airs)eed is used to determine specification compliance. R
N >

The requirement is that the flight-path angle versus true-airspeed curve shall have a
local slope at the minimum operational approach speed (vomin) which is negative or
less positive than:

a. Level 1 - 0.06 degrees/knot

b. Level 2 - 0.15 degrees/knot

c. Level 3 - 0.24 degrees/knot.




The thrust setting shall be that required for the normal approach glide pth at
Vo min’ The slope of the flight-path angle versus airspeed curve at 6 knots slower
than Vo . shall not be more than 0.05 degrees per knot more positive than the

slope at V°min . as iflustrated by Figure 48.
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FLIGHT PATH STABILITY DATA IN CONFIGURATION PA

Severa! methods have been utilized for obtaining static longitudinal stability
data in flight. Three will be presented here. The first method is called the stabilized
point technique. It involves measuring data at a constant power setting and constant
trim setting while varying airspeed about trim by varying altitude (or rate of climb

or descent) with elevator position. The technique is performed as follows:




Stabilize and trim carefully in the desired configuration at the desired
flight condition. If using automatic recording devices, a ““trim shot” should
be taken. Record appropriate data such as power, longitudinal trim setting,
elevator or stick position, and fuel quantity. If a true airspeed indicator is
not installed in the test airplane, QAT should be noted to determine true

airspeed.

Without changing power or trim settings, vary airspeed to predetermined
points about trim airspeed by varying altitude. The off-trim speeds used
should cover a range of at least + 15 percent of the trim speed or + 50
KEAS whichever is less (except, of course, where limited by the service
flight envelope). For power approach or land configuration, the range of
airspeeds should extend to the stall speed. (A reversal or shallowing of the
gradient of longitudinal control force versus airspeed couid precipitate a
tendency toward inadvertent stall in these configuraticns.) It is
recommended that at least thr

1 ennnard naimes Incafas
Y JPAULA PRI \MTIT

be selected at speeds both faster and siower than trim in order to
adequately define the relationships to be plotted. At each selected point,
airspeed must be carefully and precisely stabilized. After stabilization, a
short automatic recording burst should be taken, and/or the foilowing

cockpit observations recorded on the data card:

a. Longitudinal control force (maximum and minimum, if friction is
meastirable, in order to aid ii. fairing the data). Measurements may be

made with the hand-heid force gauge.

b. Elevator position or l!ongitudinal cockpit control position.
Longitudinal cockpit control position may be measured with a tape

measure.

c. Rate of climb or rate of descent.
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Altitude variance during these tests should not exceed + 1000 feet from the
base altitude. For configurations requiring power for leve! flight, acquiring data at
first fast and then slow test airspeeds, etc., will facilitate remaining near the base

altitude.

The second method is called the Siow Acceleration-Deceleration  Technique
and can be utilized only with automatic recording devices. However, it allows rapid
data acquisition, particularly if the airspeed range is large. This method is not as
accurate as the stabilized point methcd since true equilibrium conditions are never
attained except at the trim airspeed. Nevertheless, it the acceleration and
deceleration are performed slowly and smoothly {(approximately 2 knots/second or
less), the data obtained will be adequate for most flight test programs. The

technique is performed as follows:

1, Stabilize and trim carefully in the desired configuration a

re
-+
2T
[3-]

(o8

flight condition. Record appropriate cockpit data - power, longitudinal

trim setting, and fuel guantity.

2. Start the automatic recording device and activate the event marker to
denote a “trim shot.” Leave the recording device running and initiate a
slow acceleration or deceleration by applying a smooth longitudinal
controt toice input. Power and irim setiings shouid remain at the trim

conditions. Adjust the acceleration or deceleration rate and actuate the

event marker at predetermined &irspeeds to simplify data reduction. The
visual horizon should be used to maintain a constant acceleration or
deceleration with frequent reference to the airspeed indicator. (If the
process is done very slowly, or if the airspeed range is large, the pilot may
desire to turn off the automatic recording devices between predetermined
points.) Continue the acceleration or ueceleration to one end of the
airspeed range, then reverse longitudinal control force and proceed to the

other extreme. The process should always terminate at the trim airspeed.
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Data oltained by the Slow Acceleration-Deceieration Technique may be

presented as shown in Figure 49. This particular method of data presentation, where

every point on the plot is a data point, is sometimes called “’shot gunning”’ data..

Plots like this are easy to derive if automatic data reduction facilities are available; it

is apparent that obtaining the same plot by manual data reduction would be

extremely laborious,
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The third method is called the Power Acceieration-Deceleration Technique and

can be utilized only with automatic recording devices. This method is not as
accurate as the stabiiized point method since true equiiibrium conditions are never
obtained and power effect: are not constant. Power effects can be observed in the

data, however, since the data is obtained with maximum and minimum power. The

technique is performed as follows:
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Stabilize and trim carefully in the desired configuration at the desired
flight conditiori. Record appropriate cockpit data - power, longitudinal
trim setting, and fuel quantity. Start the automatic recording device and

activate the event marker to denote a “‘trim shot.”’

Retard the throttle slowly and srhoothly to idle allowing the airplane to
slow down. Leave the recording device running and actuate the event
marker at predetermined airspeeds to simplify data reducticn. A zero rate
of climb is desired but a slight rate of climb or descent is acceptable if it is
constant. If the airplane controls are moved back and forth between climbs
and descents, additional errors will be introduced into the elevator position
and stick force readings. A rapid crosscheck between the visual horizon and
the rate of climb indicator will assist in maintaining the proper airplane

rotation rate,

At predetermined minimum speed slowly and smoothly advance the
throttles to full military power (maximum power if desired). As the
airpiane accelerates again, activate the event marker at the predetermined
airspeeds. When the maxirnum desired velocity is reached again siowly and
smoothly retard the throttles to idle and transverse the speed range back to

trim airspeed.

If the airspeed range is large and the acceleration/deceleration rates slow,
the pilot may desire to turn off the automatic recording devices between

the predetermined points.
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‘ feasurement of Long Period or Phugoid Characteristics

h Damping and frequency {or period) of the long period longitudinal mode of
I motion have been shown to have little effect on longitudinal flying qualities in visual’
! mg_l_u.1 Under fiight conditions where the pilot maintains close control over pitch
l! attitude, he effectively damps the long period motion before it has a chance to cause

airspeed or altitude variations,
- Unfortunately, pilot opinion of instrument flight characteristics is considerably
‘ affected by phugoid damping. Typical adverse effects on instrument flight of

decreasing phugoid damping are:

1. Deterioration in the pilot's ability to trim at a precise desired airspeed.

T 2

2. Deviations from equilibriumt trim conditions (altitude and airspeed)

become more frequent and annoying.

| B
o

3. The pilot's instrument flying technique may change. He mav be raquired to

monitor with increasing frequency the airspeed indicator, altimeter, and

rate of climb indicator, With extreme “‘negative damping,’” the pilot may

g find it necessary to ruonitor very closely the horizan bar of the attitude
L - gyro.
[
.
T However, if the period of the phugeid is low and the period of the airplane shoit
. period motion is high - such that Pp < 10 Pgp, the piiot is likely to continually
[-

[ excite the phugoid in normal maneuvering flight. This is generally not the case for

- most airplanes.




One study of the influence of phugoid damping on instrument flight

characteristics revealad that the pilot utilized ten times more elevator inputs when

the phugoid damping was negative (- 0.23) than when it was positive (+ 0.50). This
rcflects the increased pilot workload associated with poor long period'

charactaristics.

The test technique for measuring phugoid characteristics (period and damping
ratioj is very simple. The airplane is first stabilized and trimmed in the desired
configuration zt the desired flight condition. The elevator control alone is then used
to stabilize at an airspeed approximately 16 KIAS slower or faster than the trim
airspeed. Phugoids shouid be initiated from airspeeds both slower and faster than
trim for each trim airspeed being evaluated. Trim tab settings nd power are
maintadined at the trim condition. The elevator control is then smoo.nly returned to
the trim position ana released to initiate the controls free oscillation; the 60-second
sween stonwatch ig started simultancously. The pilot then merely records a time
nistory of airspeed (and altitude, if desired) unti! enough cycles are completed to
define completaly the characteristice of the oscillation (at least two cycles). Eiapsed
time and airspeed should be recorded at minimum airspeed, maximum airspeed, and
trim airspeed points. Airspeed changes occur very slowly at minimum and maximum
airspecd points; therefore, pitch attitude should be monitored to aid in recording the
correct elapsed time at these points. Mirimum and maximum airspeeds will occur at
the point where pitch attitude is approximately the same gs the_initiai trimmed pitch
attitude {refer to Figure 24 in the Theory Section}.

The pilot must keep the wings of the airplane completely level during the
phugoid measurements without_introducing any londgitudinal control_inputs. This
may be accomplished by use of rudder inputs, lateral trim inputs, or side pressure on

the cockpit contral stick.




If the elevator is observed to “float” during the controls free oscillation, the
phugoid characteristics shouid also be measured with the longitudinal cockpit
control rigidly restrained in the trim position. (Instead of releasing the cockpit
control stick after it is returned to the trim position, it is returned smoothly to the-
trim position and restrained there.) The effect of elevator float can be seen as the

difference between the phugoids performed with controls free and controls fixed.

Automatic recording devices may be utilized to record phugoid characteristics.
However, the long period and low damping of the phugoid require continuous
operation of the automatic devices for a iong time interval. Careful manual data

acquisition yields results of usable accuracy.

Measurement of Londaitudinal Trimmability

Longitudinal trimmability, as related o nonmaneuvering tasks, is indicated by

the ease with which the pilot can reduce longitudinal control forces to zero at a

precise airspeed and the ability of the airplane to maintain that trimmed condition

without pilot attention. Trimmability depends on all the characteristics previously
discussed. In addition, it depends on the La_tg_gpi_qm[g;j_gn1 and §e_n_$_i3i_\m2 of the
longitudinal trim device as well as the physical location and ease of operation of the

trim device in the cockpit.

TMovement of the trim tah per unit time. This characteristic is independent of the

flight conditions.

2Response of the trim device to a pilot trim input as indicated by the degree of
longitudinal control force response to the trim input. This characteristic is a

function of flight condition (dynamic pressure) as well as design of the trim system.

€
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Trimmability determination is meinly a qualitative assessment by the pilot.

However, measurement of the “‘trim speed band" is quantitative and requires some
q

explanation,

The “'trim speed band” is bounded by the maximum and minimum airspeeds at
which the airplane will stahilize at a given trim setting without pilot applied forces.
The technique for determining the “irim speed band’’ for a given trim airspeed,
configuration, and altitude is rather difficult to explain on the ground but easy to
uriderstand in flight. The airplane is first very cafefully trimmed at the desired trim
airspeed, configuration, and flight condition. Power and trim tab settings are
maintained at the trimmed conditions. A very small longitudinal controi force input
is then applied in the nose-down direction and the airplane restabilized at an
airspeed about 2 KIAS greater than trim airspeed. The longitudina! control is then
released and the pitch attitude response and airspeed response of the airplane noted.
If pitch attitude and airspeed remain at the new stabilized condirions, the limits of
the trim speed band have not been exceeded. If pitch attitude and airspeed start to
return to trim immediately upon releasing the longitudinal control, the limits of the
trim speed band have been exceeded. The trim speed band is thus determined by

both increasing and decreasing airspeed from trim until the limits are reached. The

speed band below and above trim airspeed may not be the same since the trim
airspeed may be anywhere in the trim speed hand (Figure 50},




T

s

= —y e —y e~y
al

S e sl ICA N 0 SR -
) Vo T . , ' Voo
[ el . G .
. S .“ ot PO TR
P O AL . R P IR
€« e te e et Jed L PN :

o
1

¥

g T

) P ,
I L S
e PLEN B

s et A
'
.

&

LONGITUDINAL. CONTROL FORCE
Les
=] 113
1 |
|
I
!
111
-J-.I [
/ /-
/
]
2

PULL

3
/
i
°
fd
&
|
2
£
4
o
@
»
&

(<3
i
E
:

PUSH

THE TRIM AIRSPEED AT WHICH THE AIRFLANE STA
iNITIALLY MAY BE 148 KIAS. THE TRIM SPEELD BANSD MBE"iSZSSE-
MENT WOULD THEN YIELD -IKIAS AND +5KIAS AS THE LIMITS
:2!5:‘??01'”5 SAME TRIM SPEED BAND OF 6KIAS WOULD BE

FIGURE S50
THE TRIM SPEED BAND

POSTFLIGHT PROCEDURES

As soon as possible after returning from the flight, the pilot should write &
brief, rough qualitative report of the longitudinal fiying qualities exhibited during
the mission tasks under evaluation. This report should be written while the events of
the flight are fresh in his mind. The qualitative opinion of the test pilot,

appropriately refated to the mission tasks under evaluation, will be the most

imgportant part of the finai report of the longitudinal flying qualities.




Appropriate data should be selected to substantiate the pilot’s opinion.
Methods of data presentation are as numerous as flight test activities. No rnatter
what method is used, the presentaticn shouid be clear, concise, and complete. The
data presentation to be discussed here is only suggested and may be medified as.

desired by the test activity.

Mechanical Characteristics of the Longitudinal Control System

Mechanical characteristics are effectively presented in tabular form as shown in
Figure 51. Longitudinal control surface damping is also effectively presented on a

time history if automatic recording devices are utilized {Figure 52).
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'8s DANC ING
SPECIFICATION LiMits | TREEPLAY DAxPING RATIO

MEASURED MIL SPEC, e | (FWD & AFT) CENTERING

2 (FORMARD & AFT) INCHES CoCRPIT

MIN MAX ELEVATOR COMTROL

_STICK
5 1/2 172 3 172 OEADBEAT .45 POSITIVE

FIGURE 51

SUGGESTED TABLE FOR PRESENTING CONTROL SYSTEM MECHANICAL CHARACTERISTI S

20T
z Q RAP INPUT
= ELEVATOR "POSITION
& _ 04 ' TRACE
g9 W DEADBEAT CAMPING
§§ o [ ]
a 08 10
ad e TIME (SEQ)

i

104

FIGURE 52

LONGITUDINAL CONTROL SURFACE DAMP-—
ING PRESENTATION
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Static Longitudinal Stability Characteristics

Static longitudinal stability characterisitcs may be presented as plots of

longitudinal contro!l force stability, elevator position stability, and flight path -

stability. (Flight path stability need not be presented in all cases. It should be
presented for all Power approach configuration tests, however, as previously
described in Figure 48.) Longitudinal cockpit control position variation with

airspeed or Mach number about trim may aiso be presented. Typical plots are shown

in Figure 53. -
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The effectiveness of longitudinal stability plots depends a great deal on the
scales chosen. The gradients may be made to appear steep or shallow merely by

changing the scale relationship of horizontal and vertical axes. Scales should be

chosen so that the plots are compatible with the pilot’s qualitative opinion; i.e., if

the longitudinal control force variation with zirspeed felt “’light’” or “‘shallow’’ to the

pilot, scales should be chosen so that the relationship appears shallow.

Discussion of static iongitudinal stability characteristics in the report of the test
must be worded with care. The report must not imply that some characteristic was
measured, where, in actuality, flight test data only indigcated the characteristic. For
example, in flight test work, the parameters recorded, such as longitudinal control
force and elevator positicn variations with airspeed about trim, are only indications
of stick-free and stick-fixed static longitudinal stability, respectively. in general, the
use o7 the terms “‘stick-fixed,” ‘‘elevator-fixed,’” ‘‘stick-free’’ and ‘‘elevator-free’’ is
not recommended for the reporting of static longitudinal stability characteristics
determined from flight tests, The terms are used extensively, of course, in text
books, classroom work, and wind tunnel investigations. The language of the report

should reflect the parameters which were actually measured. As an example, the

following introductory seritence might be used in the report: ‘‘Static longitudinal
stability, as indicated by the variation of longitudinal control force and elievator

position about the trim airspee:l, was slightly positive in all configurations tested.’”

commonly occur at airspeeds below and above trim airspeed. As an example, the
longitudinal control force stability plot of Figure 53 shows a reversal in the gradient
at approximately 145 K{AS. This gradient reversal should most emphatically not be
reported as static longitudinal instability, longituding! control force instability, ete.
If the author desires to discuss the reversal in gradient, it should be reported exactly
as it exists; i.e., “The variation of longitudinal contro! force with airspeed exhibited
a slightly stable gradient through trim airspeed; however, the gradient reversed
smoothly at 156 KIAS faster than trim and push forces decreased to one pound at 30
KIAS faster than trim."”’
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Static longitudinal stability data is sometimes presented in tabular form when
many loadings, configurations, altitudes, trim airspeeds, and CG positicns have been
utilized. An exampie is presented in Figure 54. Expression of longitudinal control
force gradients in “pounds per knot” has particular merit for comparing the static

stability characteristics for various configurations and CG paositions.

Loading|Confiquration| Altitude (Trim Airspeed | CG Position | Gradient (1)
(ft) (KCAS/M) (% MAC) (1b/kt)
A CR 40,000 .77 21,6(3) .18
A P 40,000 .86 24.7 0
A P 35,000 .91 18.1 -.15>trim
0 <trim
c CR 30,000 .67 23.3 .12
c CR 30,000 .77 22.9 .09
A CH 20,000 277/.60 25.2(3) 0 >trim
.20<trim
A G 20,000 211 22.9 0 >trim
.19¢<trim
A n(2) 20,000 212 24.2 .16
A CR 10,000 261 15.5(3) .03>trim
. 13<trim
A CR 10,000 289 25,5(3) .0 strin
.09<trim
A p i0,000 - 454/.83 21.0 0
A p 10,000 461/.83 16.8 1l ~trim
W23<trim .
A P 10,000 524/.94 241 -.24>trim
C‘ . L07<trim
c CR 10,000 291 25.3 .04
c CR 10,000 297 20.5 .13
c P 10,000 443/.80 23.2 .09
A TO 10,000 139 26.5(3) -.13trim
. R .15<trim
C TO 10,000 166 25.4(3) .13
A PA 10,000 147 21.7 .06
c PA 10,000 135 21.5 .20
A WO 10,000 116 22.2 .14
c WO 10,000 124 24.1 .24
(1) Longitudinal Control Force Gradient Through Trim Airspeed.
Stable Gradients Carry a Positive Sign; Unstable Gradients
Carry a Negative Sign.
(2) 1IDLE Thrust.
(3) See CG-Gross Weight Relationship Shown in Appendix IV, Figure 1.

-FIGURE 54
STATIC LONGITUDINAL STABILITY TABLE




Peri illati

The phugoid or long period data are presented as time histories of airspeed for
the controls free and controls fixed (if applicable) oscillations. Altitude may also be”
plotted on the time histories if desired. An example of long period data presentation
is shown in Figure 55, Characterisitcs of the oscillation {(period, damping ratio,
time-to-half amplitude or time-to-double amplitude, cycles-to-half amplitude or
cycles-to-double amplitude) may be presented on the time history if desired. The
altitude or airspeed variation on the time history may be used to measure the
characteristics; in Figure 55, the airspeed trace was arbitrarily chosen. Note that the
phugoid motion oscillated about airspeed and altitude different than the assumed
trim conditions. This could be caused by a large trim speed band or poor

longitudinal control centering. However, the data is still usable.
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Longitudinal Trimmability
- The determination of trimmability as presented herein is based on the test
pilot's qualitative opinion. Therefore, a gualitative discussion of trimmability in the
technical report is appropriate. The trim airspeed band may be shown on the plots

of longitudinal control force stability, if the author desires (refer again to Figure
50).

Determination of the Elevator Position_and Longitudinal Control Force Neutral
Points

If plots of longitudinal control force and elevator position stability have been
obtained at more than one CG position for one configuration, altitude, trim
airspeed, and power setting, neutral points may be computed. In order to obtain the
most accurate neutral points, the following points should be remembered in the

conduct of the static longitudinal stability tests:

1. Although fests at only two CG’s are theoretically sufficient to obtain
neutral points, the flight test engineer should insist that the airplane is
tested with the CG in at least three widely separated locations. If it is
feasibie to place the most aft CG behind the neutral point, the neutral

point can be determined by inferpolation vice extrapolation, which should

2. The CG positions chosen should be evenly spaced (if possible) since even

increments of CG travel result in even_increments of eievator position at

the same lift coefficient (see Figure 56). This fact aids in fairing plots of

elevator position versus lift coefficient.
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Airplane gross weight should be maintained near constant for the various
CG positions, since the neutral point may vary with angie of attack and
power setting. This is not too critical, however, since piotting the variahles
(elevator position and longitudina! control force) versus lifr_goefficient-

tends to eliminate the efiect of variations in gross weight.

The in-flight tests are performed exactly as previously described for
longitudinal control force and elevator position stability. Power and trim
setting should not be altered as airspeed is changed about the trim
conditions. In addition, power should be the same at trim for all CG
positions tested to eliminate power effects. The small differences in climb

or descent angles which result shouid not have a significant influence on

the accuracy of the data.

The pilot may have difficulty in attaining the same trim airspeed for the
various CG positions lested if the trim speed band of the airplane is large.
This will be evident in the longitudinal control force versus airspeed data.
However, this inconsistency is eliminated when the curves of Fs/q are

replotted versus lift coefficient. The slopes of such curves are independent

of the initial trim condition.

Accurate elevator position data is easy to obtain. However, accurate
iongitudinal éontrol force data is extremely difficult to obtain because of
friction in the control system. The test pilot must exercise care to insure
that the forces measured are correct. If friction is large, maximum and

minimum forces for equilibrium conditions must be measured at each

stabilized point faster and slower than trim airspeed,
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l‘ 7. Data accuracy will be enhanced if sideslip is maintained constant as
1' airspeed is varied about trim. Changes in pitching moments are genetated
by the horizontal tail moving in relation to the slipstiearn of propeller
driven airplanes. This is not a particularly important peint in testing pure”

jet airplartes,

8. Plotting the elevator position data versus lift coefficient vice nirspeed tends
to linearize the relationships. Also, the elevator position at zero lift

coetficient is a constant. This is a useful fact in fairing the curves,

The graphical determinations of the elevator position and longitudinal contro!

torce neutral points are presented in Figures b6 and 57.

;
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The elgvator position neutral point is exactly the same as the stick- or
elevator-fixed neutral point if these neutral points are defined by a neutral gradient
of airplane pitching moment coefficient versus airplane lift coefficient. The
longitudinal control force neutral point is almost always never exactly the same as
the stick- or elevator-free neutral point because of gadgetry in the longitudinal

control system. Adding various gadgetry resufts in an additional term being added to

the longitudinal control force equation and an additional value being added to the

relationship dFs/q
dC
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SPECIFICATION REQUIREMENTS

Reauirements for static and dynamic longitudinal flying quatities during
nonmanauvering tasks are contained in the foilowing applicabie paragraphs of

Military Specification MIL-F-8B785B(ASG), of 7 August 1969, hereafter referred to
as the Specification.

3.2 Longitudinal Flying Qualities (except 3.2,1.1,1)
3.2.3.1 Longiwdinal control in unaccelerated flight
3.6.2 Mechanical Characteristics (control system) (as applicable)
3.5.3 Dynamic Characteristics (as applicable)

3.5.4 Augmentation Systems {as apnlicabla)} é’ .

ad

3.6.5 Failure of augmentation systems
3.6.1 Trim System (as applicable)

6.2 Definitions

6.5 Engine Considerations

6.6 Effects of aeroelasticity, control equipment, and structural
dynamics.




The requirements of the Specification may be modified by the applicable
airplane Detail Specification. Comments concerning individual requirements of the

Specification are presented below.

3.2.1.1.1 Exception in_Transonic Flight. This paragraph is self-explanatory. [t
will be discussed more thoroughly in a subsequent section on Transonic and

Supersonic Flying Qualities,

3.2.1.3 Elight-Path Stability. The intent of this paragraph is to prohibit
rapidly increasing descent rates at airspeeds below normal approach speed that might
result in dangerous flight conditions or require excessive pilot workload to maintain
glide path. From previous investigations, it has been determined that if the slope

requirements of this paragraph are met, the pilot will be able to effectively use the

elevatoi control alone to make small glide path adjustments.




LONGITUDINAL FLYING QUALITIES - NONMANEUVERING TASKS
GLOSSARY OF DEFINITIONS

MODE OF MQTION - Manner of doing, method. In this case, a method «f changing

flight conditions in the airplane’s plane of symmetry.

FREQUENCY - Number of cycles per unit time. A measure of the ““quickness’” of

the motion,

PERIQD - Time reauired per cycle, Inversely proportional to frequercy.

DAMPING - Progressive diminishing in amplitude. A measure of the subsidence of

the motion when excited.

NONMANEUVERING TASKS - Those tasks during which the transition frorn one

equilibrium flight condition to another is accomplished smoothly and graduaily:

results in essentially unaccelerated flight conditions.

INCIDENCE - The acute angle between a chord of an airfoil and the longitudinal

axis of the airplane.

T - A measure of the size and location of the
horizontal tail in relation to the size of the wing and the airplane center of gravity,

respectively.

TAIL FFFICIENCY FACTOR - A measure of the modification in energy level of

the airflow between the point where the airflow first encounters the airplane until it

reaches the horizontal tail.

(o

Ehd

e
S —T



U — ——— T T T
— — e

. b e T —

€

NEUTRAL POINT - The location of the center of gravity of an aircraft for which

static longitudinal stability would be noutral. The neutral point may be described as

“stick-fixed,”” “stick-free,” “elevator-fixed," “elevator-frea,” “‘elevator position,” or

“longitudinal control force” depending on the manner in which it was determined.

STATIC MARGIN - The distance between the actual center of gravity and the

neutral point of the airplane usuvaily expressed as a percentage of the mean
aerodynamic chord,

LONGITUDINAL CONTROL POWER - A measure of the pitching moment

coefficient change per degree deflection of the longitudinal control surface.

ELOAT - As applied to the control surface of a reversible control system: to ride in
the airstream. '

AERQDYNAMIC BAILANCING - Methods of controlling the magnitude of the

hinge moment parameters,

UNDAMPED NATURAL FREQUENCY - The frequency of a dynamic system if
zero damping is exhibited,

DAMPING RATIQ - Ratio of the damping exhibited to the critical damping.

SPRING CONSTANT - As applied to a dynamic system, a measure of the static
restoring tendency.

APERIODIC; DEADBEAT - A motion which does not exhibit periodic oscillations.

OSC:LLATCRY - Characterized by pericdic motion,
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LONGITUDINAL FLYING QUALITIES - NONMANEUVERING TASKS
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THEORY
MANEUVERING TASKS

STATIC LONGITUDINAL STABILITY AND CONTROL IN ACCELERATED FLIGHT

The previous discussion on static longitudinal stabiiity and control considered

the airplane flying on equilibrium, unaccelerated flight paths. It is now necessary to

L

|

{

'

: study static longitudinal stability and control along curved flight paths, Obviously,
\\,!._i every airplane must be capable of turning, at least to some degree. The subject of
a turning performance will not be considered here, aithough it is a subject of major
( interest in the performance testing of many airplanes. The assumption is made that
l[ the turning performance of the airplane is not limited by stability and control
lF characteristics, but by engine or airframe characteristics, The areas of interest in this
E! discussion are the static longitudinal stability and control characteristics exhibited

by the airplane when it is subjected to accelerated flight conditions with the lift
L LS LA
b

airplanes exhihit stability and controliability in maneuvering flight along curved

flight paths. Obviously, if the mission of the airplane involves a great deal of

maneuvering, the investigation of longitudinal maneuver| ahility an rol will

greater than or jess_than the weight; i.e., in maneuvering flight. It is essential that
P

| consume a considerable amount of flight test time, Since all airplanes are required to

f

perform some maneuvering, it is necessary to investigate these characteristics to
\ some extent jn every airplane.

The flight path of the airplane may be curved by the pilot by performing wings
level pull-ups or push-overs or by banking the airplane or by performing a
combination of these maneuvers. For this study of static longitudinal stabiiity and

control in accelerated flight, consideration will be given to steady pull-ups and
i

3

steady turns at a constant airspeed. Several relationships will be developed first for

[URCMEIPRN

the steady pull-up maneuver; these relationships will then be expanded to the steady

T

I Sl e
L LT B UL

turn_maneuver, The relationships for steady pull-ups are applicable also to steady
push-overs.
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Stesdy Pull-Ups o

Consider that the airplane is initially trimmed in straight and level flight. lf a
climb, then a dive with a wings level pull-out at the bottom are performed such that
(at least for an instant) the Qriginal trimmed values of altitude and airspeed are

regained, the airplane’s original equilibrivm conditions will have been modified in
two ways (Figure 59).

1. The angle of attack and lift coefficient will be greater since extra lift is

required to sustain the curved flight path.

2, The airplane will exhibit a steady nose-up rate of rotation. (pitch rate)
about its center of gravity. This pitch rate will be equal in magnitude to the

rate of rotation of the airplane about the center of the pull-out.

L=nwW

NOSE UP ROTATION P

L

L g > 2
ol A W
SR —
% E - PATH
W w
() LEVEL FLIGHT (b) MANEUVERING FLIGHT

L=w 2 Y

n=zj qz >
L>w
n >1

n= NORMAL ACCELERATION

FIGURE 59
RELATIONSHIPS OF UNACCELERATED AND ACCELERATED FLIGHT
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Both these modifications generate changes in pitching moments about the

airplane center of gravity which hopefully act so as to tend to restore the original
unaccelerated flight condition. Of course, in order to stabilize the airplane in the

acceleratea maneuver, the pilot applies and holds the necessary amount of elevator
deflection and longitudinal contrq! force, Thus, the amount of elevator deflection
and longitudinal control force required are indications of static longitudinal stability -
of the airplane in maneuvering flight. The jngrease in_lift coefficient generates
changes in pitching moments according to the familiar airplane static stability
criterion in unaccelerated flight, (dcm/dCL). The fact that the airplane is rotating
generates an additional contribution to the total pitching moment, This
contribution, usually quite powerful, is a resuit of the increase in effective angle of
attack at the horizontal tail, due to the horizontal tai! moving downward reiative to
the air (Figure 60). (The air may be considered to be moving upward relative to the
tail.) The change in effective angle of attack at the horizontal tail during

eally 1o ihe siasbiiity of ihe airpiane in

on the airplane pitch rate, 6, if airspeed is held constant. For the pull-up maneuver

just described, a constant angle of attack pull-up, the magnitude of the pitch rate is a

function only of normal acceleration if airspeed is held constant:
. g tn1).

Opultup = Vv

where: § = pitch rate, radians per second.

[i=}
n

acceleration due to gravity, it
secZ
n = normal acceleration, g.

<
u

True airspeed, T,
sec

Similarly, for the steady level turn, the magnitude of the pitch rate is expressed

as follows:

o steady level turn = 3(n- 1
\ n
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FIGURE €0
THE HORIZONTAL TAIL ANGLE OF ATTACK CHANGES WITH PITCH RATE

Because it is the pitch rate which causes the pilot to use mors or luis glevator

3 deflection and longitudinal control force during maneuvering flight than was
required during _nonmaneuvering flight, the airplane purmal acceleration, n, is

generally used as the independent variable in maneuvering flight, This is a direct
resuit of the last two equations, which show the fundamental relationships between
5 pitch rate and normal acceleration in maneuvering flight, Thus, in flight test work, <
. the parameters “‘elevator position per 9" and‘_lgn_qi_ty_dinajmn_tml_tgmw’_’ are
. measured at a constant airspeed as classical indexes of the longitudinal maneuvering

g stahility of the airplane.

» The elevator positions required to stabilize the airplane at various values of lift
coefficient jn accelerated flight at a cor;tuai airspeed are generally not the same as
the elevator positions required at - arious .alugs of lift coefficient in_unaccelerated

L flight. As stated previously, th: ~ngular rotation of the airplane in pitch during

curvilinear flight creates an: ~dditional increment in effective tail angle of attack,
which in turn generates an additionai pitching moment about the center of gravity.

This pitching moment may be expressed as:

» IvV-98
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M = -a q,5
CCue to 8 t Vo et
where: a; = lift curve siope of horizonial tail
2 = “tail arm” length, in feet
gt = dynamic pressure at horizontal tail, in pounds par square feat
St = area of horizontal tail, in square feat

{Note that tail arm length has a powsrful influence on the magnitude of the

pitching moment).

In nondimensional coefficient form, “pitch rate dampirg,”” damping in pitch,”
or “viscous damping in pitch” may be defined as;
aC .

MeG - “t
Cm.._: —3F = -Zat n, \' -
2y

[e X}
0t

the nondimensional pitch rate,

!

where:

-

tail efficiency factor, nondimensional,

ot

tail volume coefficient, nondimensional.

or < 4
i

= average chord lendth of wing in feet.

Without derivation, the elevator position required in steady, wings level pull-ups

at a constant airspeed may be expressed as:

dC Co,ogt
W/S () n e Bk
2 ;X FIXED aws -V

8 1 y
PULL-UPS . PssL'e

e

. elevator angle required for zerc iift coefficient and
8]
c

m

zero pitch rate; a constant.

oe elevator control power,

de,
(EEI)FIXED

stick-fixed static longitudinal stability. .
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The derivative of the last equatioti with respect to normal acceleration yieids a

ciassical index of longitudinal maneuvering stability for steady, wings ievel pull-ups
at a constant airspeed:

dé dc _
e 1 /S m c C
(—-—) = - ——— Vra—— e <+ p .
d PULL- r., 7 n
n ups g -;-DSSL Vez A€ pixep A W/S e
o SL .

Similarly, the elevator position required in steady furns at constant airspeed
may be expressed as:

» dc Cinep e
se“TEADY Tus S c, - G n ‘:le‘?/;; (n-3)
V) 2 4
¢ ° M, 3%siVe L  FIXED n

Note that the only difference betwsen the expressions for elevator angle
required in pull-ups and steady turns arises from the difference in expressions for
pitch rate, é, presented earlier. Taking the derivative of the last equation with
respect 10 normal acceleration yields the classical index of longitudinal maneuvering

stability for steady turns at a constant airspeed:

448 F dC L% pt
() <. 2 (T s e L)
=T . 'S + =
"steapy TURNS Cmp ool v 2 “Crxep 4 WS n?
(5}

Several important obse:vations may be derived from a study of the equations

for (dSe/dn)py;| .upg 2" (G8€/gn)STEADY YURNS:

1. For lergitudinal stability in maneuvering flight, {dde/gn) rust carry a
negative sign; i.e., to stacilize the airpiane at a higher valie of positive
normal acceleration, mere trailing adge up (TEU - negative direction}

elevator musi be applied,

2. Both equations contain wwo paris (See Figure 61). The first part is a
“stability term” duc (o the stick-fixed static longitudinal stabiiity: ke
second part is a “damping ierim” arising from the change in effective angle

of attack at the horizontal tail due o the pitch rate.
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FIGURE 6l

CLASSICAL VARIATION OF ELEVATOR POSITION IN MANEUVERING FLIGHT

3. A little more elevator is required to pull the same normal acceleration
increment in steady turns than in puil-ups. The difference in the gradient
of elevator position versus normal acceleration is directly proportional to

3 -1-2; therefore the difference becomes very small at high levels of normal
gcceleration. {If n=5, ;ll-z = .04). (See Figure 62),

Center of gravity movement naturally has a profound effect on maneuvering
longitudinal stability through both the stability term and the damping term (Figure
63). As the CG is moved aft, (4Cm/dC| )¢ xgp becomes smaller in magnitude.
When the CG is at the stick-fixed neutral point, the gradient {d g/g.) is only a
function of the damping term. {The damping term decreases stightly in mangitude as
the CG is moved aft because the tail arm length is decreased.) If the CG is moved far
enough aft, the gradient (dSe/q,) becomes zero; this CG position is called the

stick-tixed _maneuvering neutral point, Np. Thus, the stick-fixed maneuvering

. .. d
neutral point Npg, sh.ud always be aft of the stick-fixed neutral point, No. if Cm

CL
in level flight is the same in maneuvering flight.
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The effects of altitude on the glevator position gradient in maneuvering flight

- may be studied by considering a constant CG position and constant equivalent_
airspeed while varying altitude. Altitude variation, for these conditions, has no effect
on the stability term, However, as altitude is increased, the damping term decreases
because of the reduction in density: therefore the elevator position gradient in

maneuvering flight decreases with altitude increase at a constant equivalent airspeed
(Figure 64).

Ik CONSTANT Ve
DRECTION ANT C6

4

3e

EVATOR _DE|

EL

—iie
*

NORMAL ACCELERATION

FIGURE €4
ALTITUDE EFFECTS ON (d8e/dn) AT CONSTANT Vg

(NOTE: The reader should not receive an erroneous impression from this

discussion. Pi.ots do not riormally fly at the zame eguivalent :iirspeeds at high

altitudes as they fly at low altitudes. Generally, Ve is logs at high altitude. Therefore,
the pilot’s natural impressiocn

~nf et
Ot

the eievaior positinn variation with normal
acceleration at high altitudes may be that it is greater than at low altitudes, This is
due to the fact that mcere elevator deflection is required to produce a unit change in
normal acceleration at the (ower dynamic pressure llnwar equivalent airspeed)
existing at the higher altitude.) :f altitude is varied at a zonsiant Mach number, the

elevator position gradient in maneuverine flight ir.creases with increase in a'titude as
shown in Figure 65.
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FIGURE 65
ALTITUDE EFFECTS ON (d3,/dn) AT CONSTANT MACH

This is due to a slight increase in the damping term and a considerable increase in the
stability term with increase in aititude at a constant Mach number,

Airspeed variation has a very large infiuence on the elevator position gradient in
maneuvering flight since Ve2 appears in the equations for d§e/qn. An increase in

equivalent airspeed decreases the gradient of elevator position with normal
TEY

o S o/
g SLOPE |
o0
E SLOPE F Ve, 2Ve,
§ SLOPE 2= |M (SLOPE 1)
] el
+
NORMAL  ACCELERATION
n
FIGURE 66

EFFECT OF VARYING EQUIVALENT AIRSPEED ON (d8g/dn)
Iv-104




Because of the large effecc of airspeed variation on the zlevator position gradient, it
is extremely important that the pilot maintain close control over airspeed during the
flight test measurement of maneuvering stability characteristics, Small errors in
airspeed can generate erroneous data as siown in Figure 67,

CONSTANT € |
oReEhon| CONSTANT ALTITUCE 75

‘/
M e ooy

ELEVATOR POSITION

NomuaL accersmanion
n
E-‘- Assume the test pilot desired to measure the clevator

pesition gradient in maneuvering flight at 180 KEAS. If
he measured points 5 KEAS slow, on speed, and 5 KEAS fast
(in turn), the erroneous relationship siiown above is a

possible result,

FIGURE 67
EFFECT OF POOR AIRSPEED CONTROL ON MANEUVERING
STABILITY DATA

Longitudinal Contrgl F M ring Stability

The second critericn for longitudinal stability in maneuvering flight is the
longitudina! control farce variation with normai acceleration ai a conutant airspeed,
This parameier, commonly called ““stick force per g’ tias a tremendous affect on the
overall flying qualities of all airplanes. If the mission of the airplane requires
exiensive imaneuvering, the stick force gradient in manecuvering flight s perhaps the

most iimporiant single characteristic of the airplane.
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Lengitudinal control forces in maneuvering flight are generated by the
requirement for the pilot to move the elevator control to the position required for
maintenance of the accelerated condition. If the control system is reversible,
elevator ‘“‘float” may modify the angle through which the pilot must move the
elevator, For the irreversible control system, classical elevator “float’ is not a factor,
although artificial elevator float may be introduced by extendable link devices,
mechanical advantage changers, etc. Of course, longitudinal control forces in
maneuvering flight may also be modified by various other control system “gadgetry” &Y
in reversible or irreversible control systems. In this manual, maneuvering control
forces will be discussed for the reversible contro! system, then the irreversible

control system. The effects of various devices and ‘‘gadgetry” on longitudinal

maneuvering forces will then be presented.
Stick F M ina Fligh - R ible G 1S

For the reversible contro! system, the longitudinal control forces required in

steady wings-level pull-ups and in steady turns may be expressed as follows: ne
. T dc v 2 .
Fs = K L] e . m e . 1 e
PuLL-wp™ TS G aed o (T )t K phenel) Tepmm—
Se Ve TRIM
C
. C
Bs  ac I C hg
Fs = X L ___g‘.;( m) 3 e P 1 ° (n--l-) h e
STEADY TURN" © 8 "¢ A FREE ‘V—f PR BUR)Y % T
& 2 TRIM / .

e
where:

K = aconstant dependent on gearing ratio between the elevator and cockpit contro!

stick, size of the elevator, and horizontal tail efficiency factor.

L = elevator hinge moment coefficient variatiors with e'evator deflection,

m. = elevator control power,
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(dcm) = stick-free static longitudinal stability

:L FREE
h = elevator hinge moment variation with change in angle of attack of the

t . .
horizontal tail.

« = rate of change of effective angle of attack with change of elevator defiection.

Again, note that the only difference in the two equations arises from the
difference in expressions for pitch rate in steady wings level pull-ups and in steady
turns. The derivative of these equations with respect to normal acceleration (at a
constant airspeed) yields the following classical indices of longitudinal maneuvering

stability for the reversible control system:

Ch : ch

s dc J
dFs W e m 1 C €
(a.__.) = =Kg =—— ) + K = 08 h
U - P g - eEaE——
n " PULL-UP 3 C'“a T ” trEE 278 T ” T
e
C
h C
C‘ 8 dc h
dFs W e ““n 1 1 LC 5,
(a——) ) = =K ——— (._....) + K = pf = h €
n ’STEADY TURN plog (1 + =)} "a -
s C’“a dC; EREE 2Pt 2 t~ T
[

Several important observations may be drawn from a study of the last two

equations:

1. For longitudinal stability in maneuvering flight, increases in longitudinal
control pull force must be used to stabilize the airplane at higher values of

positive normal acceleration.

2. Both equations contain two parts (see Figure 68). The first part is a
“stabitity term’ due to the stick-free static longitudinal stability. The
seccnd part is @ ‘‘"damping term’’ arising from the change in effective angle

of attack at the horizontal tail due to the pitch rate,
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J
3. A little more lengitudinal control force is required to pull the same normal :
m acceleration increment in steady turns than in pull-ups. The difference in S
R the gradien (dF s} is directly proportional to-2 ; therefore, the difference ..
N becomes very smali at high levels of normal acceleration. (See Figure 69.)
g 300 CoNsTANT v | o
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" o
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: FIGURE €8
. CLLASSICAL VARIATION OF LONGITUDINAL CONTROL FORCE IN Q s
" MANEUVERING FLIGHT e
- 30r . b
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FIGURE 69
. RELATIONSHIP OF MANEUVERWG STABILITY CHARACTERISTICS IN STEADY
. TURNS AND PULL-UPS
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Center of gravity movement naturally has a profound effect on longitudinal

control force requirements in acceierated flight (Figure 70).

&  |CONSTANT v,
CONSTANT AL
CONSTANT WEIGHT

ORCE

| ——

) +
NORMAL ACCELERATIQN
n
FiGURE 70
@ CG MOVEMENT EFFECTS ON (dFfg/dn)

As the CG is moved aft, (DCy,,/dC| ) REE becomes smaller in magnitude. When the
CG is at the stick-free neutral point, the gradient dFs/dn is only a function of the
damping term. (The damping term decreases slightly in magnitude as the CG is
moved aft because the tail arm length is decres = f the CG is moved far enough

aft, the gradient (dFs/dn} becom o;

maneuvering neutral peint, Nm’. The stick-free maneuvering neutral point generally

is aft of the stick-free neutral poiny, No’, In certain instances power or Mach effects

may cause this relationship to be reversed,

L I Y SRS

The effects of altitude variation on the longitudinal control force gradient in
maneuvering flight at a constant CG and gopstant equivalent airspeed is shown in

Figure 71. For these conditions, altitude variation has no effect on the stability term

of the equations; however, the damping term decreases because of the reduction in
N density. Therefore, for the reversible contrgl system, the longitudinal control force
gradient in maneuvering flight dacreases with increase in altitude at a constant
] equiva-lent airspeed.
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. | CONSTANT Vg
T CONSTANT CG

LONGITUDINAL CONTROL PULL FORCE
Fs

INCREASING
ALTITUDE
A —
NORMAL  ACCELERATION
n
FIGURE 7!

ALTITUDE EFFECTS ON (dFy/dn) AT CONSTANT V, FOR THE
REVERSIBLE CONTROL SYSTEM

If altitude is varied at a constant Mach nymber, the longitudinal control force
gradient in maneuvering flight again decreases with increase in altitude for the
reversible control system, This is due to the decrease in the damning term becauca of

the density decrease {Figure 72).

g CONSTANT M
31 CONSTANT CG
g ALTITUDE
INCREASE
I ' —
NORMAL ACCELERATION
n
FIGURE 72

ALTITUDE EFFECTS ON (dR./dn) AT CONSTANT MACH FOR THE
REVERSIBLE CONTROL SYSTEM
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The effects of airspeed variation on longitudinal controi forces in maneuvering
flight for the reversible control system are interesting to study. First of all, the
classical equations were developed by assuming that the airpiane was initialiy
trimmed in unaccelerated flight at a force trim speed, VeTRIM- As long as
VG:VQTHIM' the longitudinal control forces required in maneuvering flight dn not
vary as trim airspeed is varied if other factors remain constant (Figure 73). However
if Ve is allowed to vary from VeTRIM: the control forces vary considerably (Figure

74) (Ve 2 appears in the equations for longitudinal control force.}

It should be noted that (dFgs/dn) does not vary even if airspeed varies from trim
airspeed. Because of the situation shown in Figure 74, it is extremely important that
the test pilot maintain precise control over airspeed during the fiight test
measurement of ‘‘stick force per g.” If airspeed is allowed to vary from trim

airspeed, erroneous impressions of maneuvering stability characteristics can be the

esult {Figura 78),
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FIGURE 73

FOR THE REVERSIBLE CONTROL SYSTEM "STICK FORCE PER G" IS NOT
AFFECTED BY CHANGES IN TRIM AIRSPEED
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Assue the test pilot desired to mecasure the longitudinal
control force variation with normal acceleration at a force
trim speed of 180 KEAS. If he measured points.slow., on
speed, and fast (in turn), the erroneous relationship shown
above is & possible result.

_ FIGURE 75
EFFECT OF POOR AIRSPEED COSX?RL ON MANEUVERING STEBILITY
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Stick rorges in Maneuvering Flight-Irreversible Control System

Some of the characteristics of longitudinal control force variation in

maneuvering flight for the reversible control system are the same for the jrreversible_
control system, These are:

1. More longitudinal controi force is required to puli the same normal
a2cceleration increment in steady turns than in puli-ups. However, the

difference in (dFs/dn} between the two cases is very smal! at high normal

acceleration.

2. Aft CG movement decreases ‘“‘sticik force per g,” if other factors remain

constant.

3. Poor airspeed control during the measurement of “stick force por g”

e por g can

msult in erroneous impressions of longitudinal mareuvering stability.

Equations for longitudinal control force variation in maneuvering flight will
now be presented for two types of irreversible control systems. For simplicity, the

equations for steady turns only will be presented.

Assume the irreversible control systern is designed such that longituuinal

control force is directly proporticnal to elevator deflection; i.e:

where K; = a constant describing the characteristics of the system such as strength of
the feel spring, gearing ratio, etc. (This is one of the simplest and most wideily used

longitudinal controi systems, generaliy containing a linear feel spring.)




LONGITUDINAL CONFTRO- PULL FORCE
:

For this type of irreversible longitudinal control system, longitudinal control
force variation with normal acceleration in steady turns at a constant trim airspeed

may be written as follows:

. . , C . =
dFs) ] N My (dcm) . Pt (-t
“an CSTLADY JURNS T T O 1 2 dc b

) LOFIXED 3 W/
m: PssL Ve TRIM FIXE] g n

<

The effects of trim airspeed variation on “stick force per g” for this type

control system are shown in Figure 76, for no compressibility effects. Note the
difference between Figures 76 and 73. Also note that foi the irreversible control

system, longitudinal forces are dependent on stick-fixed stability vice stick-free
stability.
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FIGURE 76

EFFECT OF VARYING TRIM AIRSPEED ON "STICK FORCE PER G" FOR
THE IRREVERSIBLE CONTROL SYSTEM WHERE F, = K,A8,
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Consider now a different irreversible contro! system which incorporates a

dynamic pressure (q) sensor such that:
Fs = K,qdé,

where K+ = a constant describing the characteristics of the system, such as strength
of the feul spring, gearing ratio, etc. {This type longitudinal control system is

commonly called a “qg~feel” system.)

For this type of irreversible longitudinal contiol system, lungitudinal contrgl
Tarce variaticn with normal acceleration in steady turns at a constaat trim airspeed

may be wriiten as follows:

W C -
(SFs, A A L
dn STLADY TUR: e § ) toegp— (1 - =)
me L FIXED 44 a
. 5

The influence of trim airspeed variation on “svick force per g” for this type of
contro] system is the same as for the reversibie conirol system (see Figure 73) if no

compressibility effects are present.

Effects of Compressipility on Maneuvering Stability

Tre previous disclissions have neglected comprzssibility efiects (high Mach
number flight) which may have a profound influence un maneuvering control Yorces.
Without proceeding deeply into transenic and supersanic fiight tusting, which wilt be
discussed in a subsequent section, compressibiiny generates the following

phenomenon which influence the maneuvering force gre@ent.

1. The wing aerodyr amic center shifts aft in the t=sonic flight regime,

which increases {dCp,/dCy ). (This is analagous to i twr.sard shift in airplane

center of gravity.)




2. Shock wave formation and change in pressure distributicn reduce the
|
L: effectiveness of the longitudinal control surface, particuiariy if the surface e
is an elevator vice a stahilator,
Both the effects listed above tend to increase ‘stick force per g” and “elevator

position per g for both the reversible and irreversible control system. Typical

".-.l I‘J ‘l-.-'l-

influence on maneuvering stability is shown in Figure 77,
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3 FIGURE 77
COMPRESSISILITY INFLUENCE ON MANEUVERING STABILITY K

N -

.

B Control Forces in Maneuvering Flight_ it
. :
. Longitudinal control system ‘‘gadgetry’” has been introduced earlier in this .

)
F wction and its effect on longitudinal flying qualities during nortnaneuvering tasks
discussed. Schematics of these davices were presented in that part; therefore, many
of the schematics will not be reproduced here.
e
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The most comironly used ireans of alerting longitudinal control farces in
"mancuvering flight isthrcugh the use of bobweights. The additior: of a “pasitive
bobweight’ -~ a booweight mounted so ar 1o gpp ze, mevement of the longitudinal
control duimg accelereted tlight - increases the “stick vcrce p2r g in raaneuvaring

flight (Figure 78). Coaversely, tha negative bobweignt decreases “stick force per g."’

: : 3
y p-0F, (PULL E | CONS TANT V,
‘ | CONSTANT ALTITUDE
PoSIIVE . g? CONSTANT C6
BOBWEIGH T\ y

... Nk
‘fg

” PO N SWEIGHT

a
~

. NORAL  ACTELERATION
?1.:‘ "

FIGURE 78

BOBWEIGHT ARNRANGEMENT AND INFLUENCE ON LONGITUDINAL
CONTROL FORCES DURIMNG MANELVERING FLIGMY -

The following devices, generally used to correct shailow longitudinal contro!
force versus airspeed relationships in unaccelerated flight, usually increase “stick

force per @'’ in aecelerated flight:
1. simple Spring1

2. downsr:\ring1

1The constant load downspring has no effect on stick force per g’ if it marely adds
a preload forze 0 the longitudinal cantrol system. This is generully not the case
since simp:le springs and aownsprings normally add ferees alzo as a fuiction of stick

displacement. Of course. this arrangement does inciease “'stick force per g.”’
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3. Leading tab

Lagging tabs and Seryo tabs, generally used to reduce longitudinal control
forces in unaccelerated flight, also reduce longitudinal control forces in accelerated
flight.

The blow-down tab does net affect “stick force per g” as long as the pilot

maintains trim airspeed prerisely during the in-flight measurement.

The preloaded spring tab has an interesting influence on maneuvering control
forces in that it introduces artificial nonlinearity into the “stick force per g plots
(Figure 79).

T SPRING CONSTANT = (o (SAME AS HAVING NO SFRING TAB)

NORMAL ACCELERATION +
FIGURE 79

INFLUENCE OF PRE-LOADED SPRING TAB ON MANEUVERING
CONTROL. FORCES




Effects ¢f ”Rapid Manegyvers” on Maneuvering Stability.

The discussion of maneuvering stability has, te this point, considered only
sleady-state conditions where dynamic equilibrium has been achieved. Duririg
trapnsient maneuvers with rapid inpuyts of stick force and elevator position
(sometimes called sudden _pull-ups), the simple relationships previously presented no
longer apaly. it is extramely important, of course, that the maneuvering stability
characteristics (particularly “stick force per g”) during sudden maneuvers be such
that the airpiane is not easily oversiressed. In addition, the dynarmic characteristics
of the airplane (short period damping, in particuiar) and the pnasing between the
pilot's force inputs to the control stick and the resulting stick motion and normat
acceleration response must be such that the airplane is nct prone to
pilot-induced-oscillations in rapid maneuvering. Several factors affecting

maneuvering stability during abrupt maneuvering will now be presented.

Consider an airplane eauipped with & weversible longitudinal control system
with no bobweight. If the pilot applies and holds a rapid input of longitudinat
control pull force to this system, the airplane response in nermal acceieration will
generally ba iess for the sudden force input than for the equivalent sieady force
input. This is due to the fact that the elevator does not have sufficient time 1o reach
its “'flout’’ position in the rapid maneuver. Therefore, the longitudinal control forces
are higher per unit uliange in normal anceleration in the sudden maneuver as
~ompared to the steady maneuver if the elevator is not over-balanced {see Figure
80). (This is the same as saying the rgsponse in normal aceeleration per unit input of
lonaitudinal conrrol force is less in the sudden maneuver.) The difference in controi
rarce variation with nonnal accelrration between steady maneuvering flight and
sudden maneuvering is uependent on the rapidiiy of the sudden input. This
difference is largest at low values of normal acceleration and smallest at high values.

{At high lsvels of normal z~celeration, the steady pull-up or steady turn maneuver

must be fairly yapid tn attain the high normal acceleration at a constant airs;-eed.)




For the irreversible control system which exhibits no classic elevator float,
viscous dampers or other devices may be used to distourage rapid longitudinal
controt inputs. These devices tend to effectively increase maneuvering contrel forces
during rapid, abrupt maneuvering exactly the same as shown in Figure 80. If the
rapidity or the suddenness of the input is increased, the difference between sudden

and steady control forces in maneuvering flight is increased.

FiNAL ELEVATOR POSITION
FOR STEADY INPUT -

e _ 5~ SUO0EN eyt
= - NTIAL (TRIMMED) POSITION
g | e
HORIZONTAL TAIL FLOAT ANGLE

Sudden Longitudinal Force [nput is the sume as the Steady
Longitudinal Force Input

¥or ihe Steady Maneuver, Fingl Elevator iseflecticn is Greater

Because of Float Angle, which Develops Atter a Finite time

Interval,

——(5)

m'r sumenila"

v

STEADY MAREUVERS

LONGITUDINAL

}
<~
v L
i ---—’;
NORMAL ACCELZRATION
1]
FIGURE 80

RELATIONSMIP BETWEEN MANEUVERING CONTROL FORCES FOR
STEADY AND SUDDEN MANEUVERS FOR THE REVERSIBLE
CONTROL SYSTEM
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However, consider the reversible control system again where the elevator is very
closely balanced the) is very small), Satisfactory control forces in maneuvering
flight can be achieved for this situation ky making ChatgLigmu_Q_Qsj_ﬁie. This causes
the elevator to ““float” opposite to the direction shown in Figure 80. However, in
rapid maneuvers, large elevator deflections may be obtained before the airplane’s
response builds up the longitudinal control force through the floating tendency. This
will generate large normal acceleration changes for undesirably smail control forces
in sudden maneuverss, while in the steady state maneuver, longitudinal control force

variation with normal acceleration may be satisfactory (see Figure 81).

—

STEADY MANEUVERS

LONGITUDINAL CON';ROL PULL FORCE
%
~=0

NORMAL ACCELERATION
n

FiGURE 81
TYPICAL "STICK FORCE PER G" CHARACTERISTICS FOR THE
CLOSELY BALANCED OR OVERBALANCED ELEVATOR-—
REVERSIBLE CONTROL SYSTEM

The bobweight, previously introduced as a gadget used to tailor maneuvering
control forces in steady maneuvers, can have a serious degrading influence on
longitudinal flying qualities during rapid or sudden maneuvers. In any type of
control system the bobweight tands to alter the phasing between the pilot’s force
inputs and the resulting stick motion and normal acceleration response. Considar the
case of an airplane which obtains all or nearly all its maneuvering force gradient

(stick force per g) in steady maneuvering flight from a positive bobweight, In rapid
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maneuvering of this airplane, the cockpit control stick can be moved with very small
force inputs to initiate the sudden maneuver, As normal acceleration develops, the
! bobweight, responding to the norrnal acceleration, attempts to pull the control stick
' back to neutral. This requires the pilot to add increasing fongitudinal pull forces to
. maintain the control input. The same relationship between sudden and steacly
maneuvers shown in Figure 81 again apply for this situation. In addition, the pilot
may induce objectionable high-frequency oscillations in normal acceleration in
attempting to perform rapid maneuvering tasks under these conditions. in extreme
cases, if the damping of the longitudinal control system is poor, the pilot feels the

l control stick constantly slapping against his hand during rapid maneuvering.

In an attempt to alleviate poor control characteristics in sudden maneuvering

for control systems utilizing bobweights, the arrangement shown in Figure 82 is

! sometirnes used. The bobweight is not only sensitive to normal acceleration, it is
sensitive to rate of change of normal acceleration, or pitch acceleration, 6.
]’—l" AFT STICK
I AIRPLANE CG ie:

FIGURE 82
’ BOBWEIGHT ARRANGEMENT UTILIZING BOBWEIGHTS FORE
- AND AFT OF THE AIRPLANE CENTER OF GRAVITY

From a study of Figure 82, the rationalization may be made that during rapid
maneuvering (during which normal acceleration and pitch rate are changing), the

fore and aft bobweight arrangement applies additive forces to the centrol system

B
which oppose the pilot’s control input, This tends to increase maneuvering control
forces in sudden pull-ups, etc. During steady maneuvering flight (during which
normal acceleration and pitch rate are constant), the fore and aft bobweights apply
.
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n - individual forces io the control system which tend to cance! each other. (Bobweight
W1 would increase “stick force per g” and bobweight W9 would decrease “stick
force per g".) The overall effect depends, of course, upon the relative size of the

bobweights, as well as their placement with respect to the airplane CG and the

I cockpit control stick. However, the overall effect would generally be that shown in
: Figure 80.
i DYNAMIC LONGITUDINAL STABILITY AND CONTROL AS RELATED TQ

MANEUVERIN

The previous discussion of longitudinal maneuvering stability has been
] concerned mainly with eguilibrium flight conditions. The discussion will now be

expanded to study the means by which one equilibrium flight condition is changed

to another equilibrium flight condition,

|l @T The means by which the airplane may bhe brought into a condition of
: equilibrium during maneuvering tasks has been previously developed. Further, the
X typical response of the airplane to a longitudinal control input through the two
E longitudinal modes of motion was presented earlier in the discussion of

nonmaneuvering tasks. It is convenient to again refer to this typical response (Figure
83). Note that the control input generates pitching moments which injtjaliy cause
only changes in angle of attack {and pormal acceleratiQn) at a constant airspeed.
'(I This is the response of the airplane through its short period imode of motion. The
characteristics of this mode of motion greatly influence the pilot’s ability to perform
both maneuvering and nonmaneuvering tasks. {t's characteristics are particularly

critical for manguvering tasks, Characteristics of the phugoid or long period mode

nave little influence during maneuvering tasks because:

[
[
[
[
[
|




1. The pilot generally has close control over pitch attitude during

maneuvering tasks, which effectively damps the phugeid motion.

2. The pilot is continually changing the airplane’s flight path during
maneuvering tasks, The short time interval between changes in the

airplane’s flight path does not allow the phugoid motion to develop.
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L- 4 - - Nt
) ) Tve 12 73 20
(SECONDS)
FIGURE 83

TYPICAL AIRPLANE RESPONSE TO LONGITUDINAL CONTROL INPUT

It should be apparent from a study of Figure 83 that the short period mode of
motion is a second order response composed of angle of attack (arnd normal
acceleration) varistions at an essentially constant airspeed. Thus the pilot utilizes the _
short period mode to make angle of attack and normal acceleration changes;
therefore, during maneuvering tasks, the pilot will devote much of his attention to

controlling the short period mode of motion.

The remainder of this discussion will be directed toward describing the origin,

characteristics, and parameters affecting the short period mode of motion.
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2 Without derivation, the determinant of the transformed longitudinal equation
of motion for ““small’’ disturbances may be written as shown in Figure 84.
[_". Drag S +D U - £ -133
- Characteristics u ‘
Lift .
— L /u S+ L /u -5 :O
Characteristics woe e
Pitching Moments M ALy - e M-S
Characteristics u " " d

Terms Generated By 7 Terms Generatca By

Changes In llorizantal Vclocity Changes In Pitch Attitude
Terms Generated By
Changes an Angic Of Attack
S = Laplace Operator.
- g ® acceleration due to gravity. 3
E = horizontal vclocity (uo = inptial horizontal velocity),
A b, = 3—_:/“‘ = change in drag witth change 10 hurizontsl velocaty
o divided by the miss of the airplane,
:.
3D, : .
o, = f“ = change in drag with change 10 angle of attack
divided by the mass of the airplane.
a
. L . 1Llhu change in lift with chinge in horizontal velocaty
R v " divided by the mas> of the dirplang,
,’: L = iLpa , change in lift with change 1n #nglec of attack
,i e " divided by the mass of the sirplane,
. AMAu . .
M = -T— " change in pitching moment with horiiontal velocity
. u Yy divided by the momcat of inertia an pitch, a
- speed stability term,
I
- INpa ; . ,
b - M = — change in pitching moment with angle of attack
& ° ¥y divided by the moment of inertia in pitch, sn
sngle of attach stability temm.
[ IMp 4
Md . = change 1n pitching moment with raic of change of
14 angle of attack divided by the moment «f inertis
in patch, a'downwash lag" term,
M. « 336 b
p e » change in pitching moment with rate of change of pitcn
3 Yy divid-4 by thc moment cf inertis in pitch, a pitch
&) rate damping tem. R
8 . FIGURE 84
» ’ THE LONGITUDINAL DETERMINANT
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The solutions of the longitudinal determinant will provide useful information
about the longitudinal modes of motion. The classic short period approximation is
now of concern. In order to make this approximation, several assumptions must be

made. These assumptions, based o flight experience and logical reasoning, are as

follows:
1. Airspeed remains constant during the motion.

2. Short period motion is not affected by pitch attitude; however, the short
period mode is sensitive to pitch rate,

3. Drag characteristics have no influence on the short period mode.
4.  Low Mach number (no compressibility effects).

if the above assumptions are valid, the lift and moment portions of the
longitudinal determinant (with asirspeed t¢rms set equal to zero) are the controlling

tactors for the short period motion. The *‘classic” short period approximation may
then De written as follows.

LO
S — -
v " .1
[
-M.5 - - M.
| 3 "a 3 M, |

Sohing the determinant yields the following second order characteristic

equation:
2 Lu Lu
S e (=M, -M.) S~ (M +-=M) =0
¥y 0 3 a My ]
The yndamoped natural frequency of the short period mode of motion may be

developed ! as follows:

1Several mathematical manipulations have been omitted.
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w, = undarnped short period frequency
sp

{ ¢
Pa M
Z - X
I 5¢ CL (_gg' = Np'
where: Yy a ¢

Yy = the ratio of the snecific heat of a gas at constant
volume to that at constant pressuce y is a constant,

generally taken as 1.4).

P = absolute prassure, pounds per square foot.

M = Mach number.

C = cuangs in 1ift coefficient per unit change in angie of
a
attack (lift curve slope).
Xeo : : .
- - NM = hondimensional distance between the airplane CG

and stick-fixed maneuvering neutral point.
(Sometimes called maneuver margin or maneuvering

margin.)

A simpie exp.cssion for short period dampe.. natural frecuency is derived if the
foilowing issumptions are madw:
. PO
o/ b‘e

Ve undamped natural frequency of the short peried mode of motion may then

bu rleveloped as follows 1.

“p -y/:ﬁa

Several importany relationships can be gathered from a study of the equation

for “hsp:

TSeveral mathematical manipuls tions have been omitted,
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1. The undamped natural frequency of the short pericd motion increases as
Mach number jncreases; thus the period decreases with increase in Mach

number. (The “quickness” of the motion increases. )

2. The undamped natural frequency of the short period motion decreases

with increase in pressure altitude at a constant Mach number,

3. The undamped natural frequency of the shert period motion decreases as
! the airplane CG is moved att toward the stick-fixed maneuvering neutral
point. This is analogous 10 weakening the spring in the spring-rnass-damper
system, When the CG is at the stick-fixed maneuvening neutral point, the

undamped natural frequency is zero; i.e., the motion iz nonoscillatory.

»
-
T
3]
3
[+ X

the sioit peniod motion decreasss
with an increase in moment of inertia in pitch. This is analogous to

increasing the mass in the spring-mass-damper system,

Ky
1

5. Tne damped natural frequency of the short period motion is only
dependent on angle of atiack stability, M, it certain simplifying

assumptions are valid.

The damping ratio of the short perisd mede of motion may be developed! as
{ollows: .
S C - -
J‘—i“ CLa C2 C CZ

¢ = - -

*P = A ¥/g Yy
: | =L (-8 ”
Yy <

8
] De
3
Re

™N

1Several mathematical manipulations have been omitted.
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where:

CLa = lift curve slope coefficient
Cmy = pitch rate damping coefficient
Cmd = “‘downwash lag” term coefficient

Certain important effects are visible from this relationship:

1. Increasing lift curve siope, increasing pitch rate damping, and increasing the
“downwash lag” term increases damping of the short period mode of

motion.

2. Increasing angle of attack stability decreuases short period dampirig.

3. Moving the CG forward decreases short period damping.

4, Damping of the short period mode of motion is not a direct function of

airspeed or Mach number.

Characterjstics of the Short Period Mode

Additional insight into the short period mede of lengitudinal motion may be
gained by studying the flight path of an airplane during a short period oscillation.
Figure 85 shows a typical short period motion. It is so rapidly damped out that the
transient has virtually disappeared in a very short harizontal distance. The deviation
of the flight path from the origina! flight path is generally small, the principal
feature of the motion being the rapid rotation of the airplane in pitch. (Compare the

short period flight path with the phugoid flight path presented earlier.)
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a TYPICAL SHORT PERICD FLIGHT PATH
Effacts of Various Parameters on Short Period Mode of Motion
3

The influence of varying several parameters on the short neriod mation will
now be shown using the convenient root locus plots. The “classic” short period

rocts, as well as the ““classic’’ phugoid roots ere shown in Figure 86.
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COMPLEX PLANE REPRESENTATION OF CLASSIC SHORT PERIOD
AMD PHUGO!D MODES OF MOTICN
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The short period mode shown in Figure 86 is typiczily stable, oscillatory, and
well damped. It is assumed that the CG is somewhere forward of the stick-fixed

neutral point.

The effect of varying angle of attack stability, M, can be studied by first
assuming the M“ is zero, then allowing M, tu increase negatively from zero. (This is
the normal cign for M, sirce, for stability, positive (nose ur) increases in angle of
attack must generate negative (nose dcwn) pitching moments.) The effect of
increasing angle of attack stabiiity is shown in Figure 87. (This is exactly the same

effect ac moving the CG forward.)
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FIGURE 87
EFFECT OF INCREASING ANGLE OF ATTACK STABILITY, Ma

A typical etfect of airspeed variation in the suwsonic flight regime on the short
pericd motion is shown in Figure 88, As stated previously, short j.eriod duinping is

independent of airspeed, although undamped natural frequency increases with

increasing airspeed.
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INFLUENCE OF INCREASING AIRSPEED ON LONGITUDINAL

T FERIOD AND PHUGOID CMARACTERISTICS

The influence of changing speed stability, Mu, on short period characteristics is

shown ir ~igure 89. The most apparent pheriomenon to the pilot will be the

divergent, nonuscilatory phugoid tendency if M“ is less than zero. Orly in the

trensonic flight regime iv speed instability (negative Mu ) generally encountered. This

situation wmight ba characterized by a weli-damped. high frequency shcrt period

mation, yet a purg divergence in airspeea if speed is altered from trim, at least for

small disturbances,
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INFLUENCE OF REDUCING SFHEED STABILITY,

& My

One of the means of artificially augmei ting short period danping is through the
use of a pitch rate damper, This device serses piich rate and applie. proporiionsl
longitudinal control inputs which artificialiy incrreses My . The elfect is shown in
Figure S0.

Anather means of artificially aading short period demping is via utilizotion of a

pure pitch attitude sensor (Figure SU). 7 ™is device is nGt generally very yaod because

it also increases the frequency of the shart period tnotion cansiderably. This results

in o very “rough rige” in turbulent air, part.cularly at high dynaric pressursa.
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TEST PROCEDURES AND TECHNIQUES
MANEUVERING TASKS

PREFLIGHT PROCE

A thorough investigation of longitudinal tlying qualities during maneuvering
tasks must begin with thorough preflight planning. The pyrpgse and m of the
investigation must be clearly defined, then a plan of attack or meathod of test can be

formulated.

Freflight planning must start with research, This includes a study of the airplare
and a thorough study of the longitudinal control system - including stability and
control augmentation if installed, The design of the longitudinal control system
should have a major influence on both the scope of the investigation and the
emphasis during the investigation. The theory presanted earlier for longituding!
maneuvering stability shouid provide excellent direction to the test pilot and
enginear in formuiating a test program for the investigation of longitudinal fiying
gualities during maneus2ring tatks. For exemple, major emphagiy during
manauvering stabilily feats on airplanes witiy reversible contro! systerns should be on
the linearity of the longitudinal control forze variation with rrormal acceleration at
several selocwed tim aimpeeds, Conversely, for atipianes with wreversible control
systems, maior emphasis should be olaced on the varipiion of the lengitudinal
cowtrol force - norma! acceieration gradient {stick force per g} with altitude and
airspead or Mach number. Theery, although not always compiete and not alwavs
slassicaliv applicable to the practical tests, generally irads to: the eniphasis presented

sluve because of the following:

1. Neniines hinge miorment characteristics at large elevator getizctions and

high Mach numbers can generate seriows nonlingarities in maneuvering
Y 8

contrul forces for the airplane equipped with a roversible longitudinal




[

) - 8

control system. The nature of the irreversible control system results in no

aerodynamic force feedback to the pilot from nonlinear hinge moments.

2. Reversible control systems are usually utilized in airplanes with relatively
restricted flight envelopes. This fact, in conjunction with knowledge of the
characteristics of the reversible control system, 'eads to the rationalization
that the gradient of longitudinal contro! force with normal accelsration
should not vary greatly throughout the operational flight envelope for
these airplanes. This is generally not so for the irreversible control system.
Because of the large flight envelopes usually associated with airplanes
possessing irreversible control systems and the characteristics of irreversible
contro} systems the gradieni of longitudinal control force with normal

acceleration can vary drastically within the operational fiight envelope,

Pretlight research also involves reviewing all available information on
longitudinal stability and control characteristics. Much useful knowledge may be

gained from cenferences with pilots and engineers familiar with the airplane.

The particular maneuvering tasks to be investigated must be determined and

clearly understood by the flight test team. These tasks, of course, depend on the

_miss.on of the airplane. Knowledge of the mission and the maneuvering tasks allows

deterinination of appropriate test conditions - configurations, altitudes, centers of
gravity, trim airspeeds, and gross weights. Test conditions should bs commensurate
with the mission environment of the airplane. Center of gravity position is, of
course, extremely critical for these tests. If flight test time permits, tests at the most
aft and most forward ~ :rational CG positions should be performed after an
adequate build-up program. If flight test time is limited, tests should be performed
(with care) at the most aft operational CG oosition (aft critical loading). Note:

Maneuvering longituaina! control force gradients (stick force per g) may actually
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limit forward and/or aft CG positions for operational use. If the test program is
aimed at determining these limits, anpropriate CG restrictions will be promulgated

ar recommended by the test activity or higher authority.

The amount and sophistication of instrumentation witl depend on the purpose
and scope of the evaluation. A good, meaningfu! qualitative investigation can be
performed with only production cockpit instruments and portable instrumentation -
hand-held force gauge and stopwatch. Automatic recording devices, such as
oscillograph, magnetic tape, and telemetry, are very helpful in rapid data acquisition
and may be essential in a long test program of quantitative nature, Special sensitive
cockpit instruments are also very useful, not only siding in data acquisition but also

aiding in stabilization tor equilibrium tests points.

The final steo in preflight pianning is the preparation of pilot data cards. An
example of a longitudinal stability and control data card for the investigation of
maneuvering tasks is shown in Figure 91. Many test pilots desire to modify data
cards to their own requirements or construct data cards for each test. At any rate,
the data cards should list all cuantitative information desired and should be easy to

interpret in flight. Blank cards should be utilized for appropriate qualitative pilot

comments.
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- ELIGHT TEST TECHNIQUES

The Qualitative Phase of the Evaluation

Longitudinal stability and control characteristics must be evaluated in relation
to their influence on various maneuvering mission_tasks, Therefore, the test pilot
must devote a portion of the evaluation to performing or simulating the
maneuvering tasks which have been selected. While performing these tasks, the test
pilot gains the essential gualitative opinion of the longitudinal flying qualities and
should assign handling qualities ratings. Without recording a single item of data, the
test pilot shouid be able to form a good opinion of the missicn effectiveness of the
airplane, at least for the particular task being evaluated. This opinion will be based
on the amount of attention and effort the pilot must devote to “just flving the
airplane.” Due consideration should be given during this phase of the test to the

following considerations:

1.  Whether the mission task will be performed in VFR and IFR weather, or
strictly VFR conditions,

X

Tha ameruint Af timn
. - . W8 I~

n affnre tha
(R ] SMIsINRILARY 1280 AV IR VL N A 4 ¥

“just flying the airplane’ - duties such as setting up a weapons system,
coordinating multiplane tactics, communicating with other aircraft or a

controlling station, etc.

3. M stability or control augmentation systems are instalied, the consequences

of their failure.
The test pilot's qualitative opinion of the airplane’s longitudinal flying qualities

in relation to the selected mission task is the most important information to be

obtained. Therefore, this phase of the test must nct be overlooked. The test pilot
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probably will have some ideas as to the particular characteristics which make the
airplane easy or hard to fly even before proceeding to the guantitative phase of the
testing. Use of the quantitative test techniques described below hopefully allows the

test pilot to substantiate his qualitative opinion,

M f the Mechanical Cf istics of th
Lonaitudinal Control System

Mechanical characteristics of the longitudinal flight cuntrol system have been
previously introduced earlier in this section on Longitudinal Flying Qualities.
Therefore, test techniques for measuring mechanical characteristics will not be
restated, This discussion is mainly concerned with the direct effects of mechanical

characteristics on longitudinal flying qualities during maneuvering tasks.

Breakout Forces, Including Frictionn, Friction in the longitudinai control
system, since it is usually small, generally has little or no effect on maneuvering
handling qualities. However, if friction (without breakout) is very large, longitudinal
flying qualities during maneuvering tasks may be seriously degraded. A large amount
of triction would introduce poor control “‘feel” in maneuvering flight in that the
friction would necessitate significant longitudinal coniro! force inputs before an
lane resnonse would be annarvent (Figure 92}, This would ba particularly true
while maneuvering at low values of normal acceleration since the friction would
effectively “mask’’ the airplane's true “‘stick force per g” gradient, particularly if the

gradient were rather shallow.
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LONGITUDINAL CONTROL FRICTION EFFECTS ON
MANEUVERING FORCE GRADIENT

A judicious amount of longitudinal control breakout force generally is

beneficial to longitudinal flying qualities during maneuvering tasks. It may reduce

Cadke

excessive sensitivity in tongitudinal control feel about trim for certain airplane fiight
' conditions (high natural frequency and low damping of the airplane short period
'g E‘ mode, low ‘‘stick force per g” gradient). Addition of some breakout force may
reduce otherwise severe pilot-induced-oscillation (P10} tendencies for these flight
conditions. However, if too much breakout force is added, the pilot fegls a ““lag’ in

the control system which may cause him to overcontra! (attempt to drive the

airpiane to the response he desires) and generate pilot-induced-oscillations.

stability characteristics of the airplane. A combination of large breakout and shallow

1
st e .t ;NN
AR e 3 RS

gradient of longitudinal control forces in maneuvering flight (Figure 93) results in
artificial maneuvering force nonlinearity about trim. This generates very poor

.. longitudinal control feel when the pilot attempts to track precisely at low values of

hnade b Sh ol A AL SR 55 i an sl el gt Sttt o f——

( normal acceleration.
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POOR MATCHING OF LONGITUDINAL MANEUVERING
FORCE GRADIENT AND BREAXKOUT FORCES

In summary, some longitudinal breakout force is usually beneficial to
longitudinal flying qualities during maneuvering tasks, however, too tnuch results in

undesirable characteristics. Friction generally should be as small as possible in the

i longitudinal control system,

Freeplay. Freeplay in the longitudinal contro! system should be as small as
possible. Excessive freeplay results in difficulty in performing precise tracking tasks
at low values of normal acceleration about trim, The pilot will generally resort to
tracking slightly “out of trim” during precise maneuvering to avoid continually

moving the longitudinal control stick through a large “'dead band’’ of freeplay.

Centering, Positive centering ¢f the longitudina! cockpit control stick
contributes to good longitudinal flying qualities during maneuvering tasks; positive
centering allows the pilot to change normal acceleration, angle of attack, and pitch
i attitude toward the trim (one g) condition merely by relaxing forward or aft force

on the control stick.
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Contral System Oscillations. Oscillations in the elevator control surface and the
s entire longitudinal control system, initiated by either external perturbations or pilot
i . inputs, should be essentially deadbeat. Lightly damped or undampad motion can
: result in annoying motion in the cockpit control stick during rapid mareuvering, as

b well as objectionable oscitlations in normal acceleration.
et

Measurement of Longitudinal Maneuvering Stability. Longitudinal maneuvering
stability characteristics have been shown to have a major influence on the pilot’s

I opinion of the airplane during maneuvering tasks. In particular, the longitudinai

control force variation with normal acceleration, or “‘stick force per g, is a primary ‘
“control feel”” parameter. This parameter is ot tremendous importance for airplanes

which will be maneuvercd extensively in operational use; however, it must be

&

investigated to some degree in all airplanes, irregardless of their missions.

|~ Stick Force_per g. The pilot’s opinion of the maneuvering canahilities of the

airplane are directly related to the “stick force per g” gradient; therefore, it is

X
&

necessary to design the airplane very carefully to maintain this gradient within
: acceptable limits The acceptability of a particular airplane’s “stick force per g”

gradient will generally depend on at ieast the following considerations:

1. The amount of maneuvering and the nature of the maneuvering tasks
L& airplane is desiyned to be

maneuvered extensively, the ‘‘stick force per g” gradient must be low

enough so that the pilot is not fatigued excessively. However, the “'stick
force per g’ gradient must not be too !ow or the control feel may be too
light and sensitive. Additionally, there may also be inadequate protection
e against inadvertent overstress with a low force gradient.
l .
L
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2. The limet load factor, or ‘g tolerance” of the airplane. Obviously, the

“stick force per g'’ gradient must be high enough to discourage inadvertent

G overstress. “‘Stick force per g” gradients must be higher for airplanes with

\ low g - tolerances than for airplanes with high g - tolerances. The pilot

: rightly expects untrimmed- stick forces to be high when the airplane is .
\n maneuvered near its limit load factor, :
o

i

3. The type of cockpit longitudinal controller; i.e., whether the airplane is
equipped with a wheel or center-stick controlier. A wheel or yoke grio is

usually located higher with respect to the pilot’s seat than a center-stick,

therefore, the pilet is able to exert larger forces, even with one hand.

Considering also that the pilot is able to comfortably use both hands with a

| wheel controller ieads to the rationalization that the maximum acceptable

Py

“stick force per @'’ gradients can be higher with a wheel controller than
with a center-stick controller. Similarly, the minimum acceptable ‘‘stick
force per g’ gradient must generally be higher with a whee! controller
because the pilot’s arm is usually unsupporied. The pilot has very yood ~@ -
'vernier” control with a center-stick even with a low “‘stick force per g

gradient because the forearm is usually supported on the thigh,

4. There is some evidence trom flying qualities investigations to indicate that

“stick force per g” should be higher at low speeds than at high speeds. This
is probably due to the fact that the pilot maintains tight control over
normal acceleration at high speeds, then gradually switches to tight control
of pitch attitude at low speeds. Thus the pilot tends to use ‘‘stick force per
g’ as a primary control feel parameter at high speeds, then switches to
longitudipal contro! force per unit change in _gngle of atsack (Fs/o) as a

primary control feel parameter at low speeds, in order te utilize the same

criteria (s /g) for both slow and fast speeds, criteria for “stick force per g”

e aa ba o ama ) S D Aenc
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at low speeds can be made inversely proportional to the parametern /OJ

e {change in normal acceleration per unit change in angle of attack, a direct
measure of how much rotation of the airnlane is required to obtain the
norma! acceleration response). Use of this type of requirement can be

justified by study of the following constant speed approximation:

Fs/o = (Fs/n) ("/q)

" It is very desirable that the plots of longitudinal contro! force versus normal
acceleration be linear within the range of normal accelerations which would
normally be attained during maneuvering tasks in operationa! use. Some nonlinearity
must be expected in all airplanes; however, the departure from linearity should not
cause excessive differences between the local “‘stick force per g'' gradient and the

average ‘‘stick force per g” gradient. The local gradient is defined by the slope of a

tangant to the curve at any point. The averaae cradient is defined by the slope of a

@'_ line drawn from the |g point where breakout including friction is overcome to the
’ point on the curve under consideration (see Figure 94). in general, a departure from
linearity which results in the local gragient differing from the average gradient by

more than 50 percent is considered excess-ve,
LY
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Transient Control Forces, During abrupt maneuvers, the longitudinal centrol
forces must not be too light, or the pilot may inadvertently overstress the airplane
while attempting to maneuver rapidly. A satisfactory "‘stick force per g’ gradient in
steady, smoothly controlled flight is not absolute assurance that transient control
forces will not be too low. Egsentially, it should be more difficult to overstress the
airplane during abrupt, sudden maneuvers than during steady maneuvers, Thus, one
requirement on transient longitudinal control forces is that the control force
required to attain a certain normal acceleration in a sudden or abrunt maneuver
should not be objectionably light and the buildup of control force during the
maneuver entry shall lead the buildup of normal acceleration., Another criterion
which has been developed is a requirement on the ratio of fongitudinal control force
to normal acceleration during maneuvers in which the pilot sinusoidally pumps the
longitudina! control at various frequencies. This criterion states that these ratios
should always be greater than 3.0 pounds per g for a center-stick controller and 6.0

pounds per g for a wheel controller.

Elgvator position per g, Of lesser intluence on the pilot's opinion of the
airplane during maneuvering tasks is the variation of elevator position with normal
acceleration in maneuvaring flight, or “elevator position per g”’. However, a positive
elevator position gradient in maneuvering fiight; i.e., increasing trailing edge up
elevator deflection for increasing positive normal acceleration is essential for
satisfactory unaugmented longitudinal flying qualities; it is also indicative of goad
basic airplane design. No maximum or minimum limits are placed on the elevator
position variation in maneuvering flight. The only criterion is that
increases in trailing edge up elevator deflection shall be required to
maintain increases in positive normal acceleration throughout the range of

attainable acceleration.




Stick Position per_g, The longitudinal cockpit control motion required in
maneuvering flight has some effect on the pilot’s opinion of the airplane during
maneuvering tasks. Qualitative and quantitative criteria have been developed for the
variation of cockpit contral position with normal acceleration in maneuvering flight.
“Stick position per g” should at least be positit >increasing aft cockpit control
position required to maintain increases in positive normal acceleration - and the
cockpit control motions required should not be so large or small as to be
objectionable. A quantitative criterion that has been developed for Category A
rlight Phases is as follows: the average gradient of longitudinal control force ner
inch of cockpit control motion during maneuvering flight should not be less than 5.0
pounds per inch for Levels 1 and 2 (this is actually designed to discourage excessive
control motion). However, flying qualities investigations have shown fairly
conclusively that some finite "stick position per g’ level is desirable during
maneuvering tasks. The main benefit of the stick motion during maneuvering is the
“filtering action” which the stick motion has on the pilot's control inputs. For
instance, if an airnlane exhibits a shallow longitudinal control force gradient in
maneuvering flight and little or no ‘'stick position per g’ gradient, the pilot has little l
longitudinal control “feel” in terms of either force or motion and he may tend to
overcontrol during precise maneuvering tasks. The “stick force per g"° gradient for
this case may be optimum for the mission and characteristics of the airplane; if so,
increasing the stick metion during rﬁaneuvering flight may be the solution for the

overcontrolling tendency,

g Steady Pull-ups. Test techniques which may be used to measure maneuvering

oo

stability characteristics - “stick force per g “elevator position per g,” ‘‘stick
position per ¢,” and 0/, will now be introduced. The first technique to be presented

K¢ is the steady pull-up method.




The steady pull-up method involves obtaining data at a constant power setting,
a constant iongitudinal trim setting, and a constant airspeed (trim airspeed) while
varying normal acceleration by varying pitch rate during stabilized wings-level

pull-ups. It is performed as follows:

1. Stabilize and trim carefully in the desired configuration at the desired
flight condition. If using automatic recording devices, a ‘‘trim shot'’ should
be taken. Record appropriate data such as power, iongitudinal trim setting,
trim elevator and/or stick position, and fuel quantity. Note any correction
to be applied to cockpit sensitive accelerometer readings ("'tare’’ correction)

and set the floating painters of the accelerometer to 1 g.

2. Without changing power or trim settings, decelerate in a climbing attitude
(zoom climb) then push over to enter a shailow dive toward the original
trim altitude. As the airspeed increases toward the trim airspeed, steadily
apply a pull longitudinal controi force to establish a nose-up pitch rate and
increase normal acceleration to approximately that selected for the test

point.

3. If using the hand-held force gauge on a center-stick controller, the force
input must be made through the force gauge; i.e.,, with the force gauge
already applied to the control stick. The transiept force input necessary to
initiate the pitch rate may be differant from the steady force input
required to maintain the established normal acceleration. The test pilot
must keep in mind that the floating pointer of the force gauge will remain
at the maximum force applied, which may not be the steady forge which

he desires to measure.

4. For a short period of time during the steady wings-level pull-up, airspeed,
longitudinal control force, and normal acceleration wil! he stabilized.

During this period of time, the pilot should activate the automatic
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recorcing devices and mentally note stick force, stick or elevator position,
and normal acceleration, If using the hand-held force gauge, look at it
quickly during this period; do not rely solely on the fioating pointer. For
wheel-or yoke-control airplanes, it is possible to establish the normal
acceleration with one hand while holding the force gauge in readiness with
the other. Then when stabilization is attained, the force gauge can be

applied quickly and the steady control forces measured.

Airspeed control is critical for this test. Deviations in airspeed from trim
airspeed of more than +_ 5 KIAS during data gathering is considered

unacceptable.

Altitude shouid be within 4 2000 feet of the base altitude during the
stabilized portion of the steady pull-up. Piich attitude during the gathering

of data should be within + 15 degrees of the original trim pitch attitude.

The technique of arriving at the desired airspeed, altitude, and attitude
with approximately the desired g is difficult, but can be mastered with
practice. (Do not discard an otherwise perfect data point if the gxact target
g is not attained. A reasonable spread of normal acceleration is all that is

required.)

After the run, the pilot should decelerate in a zoom climb in preparation
for the next data point while recording appropriate information on the
pilot’s data card: counter number (if applicabie), g attained, stick force,
stick and/or elevator posii on, and deviation from trim airspeed (if any)

during measurement,
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9. Normal acceleration shiould be increased in steps from near Ig toward the

maximum useable in operational use. The maximum useable may be
limited by structurai considerations, severe buffeting, or stall. If any of

. these limiting cases are reached, no further efforts should be made fo

Pl increase the applied normal acceleration. (Buffet onset normal acceleration
boL-

m should be noted, if reached prior to maximum useable normal acceieration,
Lo since it is indicated on the data plots. Nonlinearities in ‘‘stick force per g'’

and n/x usually occur at normal acceleration levels past buffet onset.)

[‘ 10. As applied normal acceleration increases, the deceleration prior to entering

the dive, the steepness of the dive, and the rapidity of the control force
input to initiate the pitch rate must be increased. As a matter of fact, for

F*‘ some airplanes, the pull-up for high-g points may have to be injtiated at
[ airspeeds faster than trim airspeed because it may be impossibie to keep

the airplane from decelerating as the normal acceleration is applied.

o

ﬁ Steady Pushovers, The steady pushover is probably the optimum method of
{ obtaining maneuvering stability characteristics at less than 1a. This method is simply

':__:. a "'reverse steady pull-up.” It is performed exactly as the steady pull-up except:

b 1. A dive is entered initiaily to increase airspeed from trim, then a climb is
initiated toward the original trim altitude. As the airspeed decelerates

b

toward the trim airspeed, steadily apply a push longitudinal control force

. to establish a nose-down pitch rate and decrease normal acceleration.

2. For a short ocriod of time during the steady, wings-level, pushover,
airspeed, longitudina! control force, and normal acceleration will be

Q stabilized. Record or note pertinent parameters at this time.




3. Minimum normal accelecration attainable during these tests will probably be

limited by the trailing edge down elevator deflection stops or the airplane

structura! units.

Steady Turns. This method involves obtaining data at a constant power setting,
constant longitudinal trim setting, and a constant airspeed {trim airspeed) while
varying normal acceleration by varying pitch rate during stabilized turns in both
directions, This method is somewhat easier than wings-level steady pull-ups because
the test pilot has a better opportunity to stabilize exactly on trim airsneed and
normal acceleration. Additionaily, because of the nature of the technique, the
stabilized condition can be maintained for a longer time period, which facilitates

abtaining all the required data. Steady turns are performed as follows:

i, Stabilize and trim carefully in the desired configuration at the desired

E"' flight condition. If using automatic recording devices, a ““trim shot" should
be taken. Record appropriate cockpit data such as power, longitudinal trim

setting, trim elevator and/or stick position, and fuel guantity. Note any

correction to be applied to cockoit sensitive accelerometer readings (*'tare”’

correction) and set the floating pointers of the accelerometer to 1g.

2. Without changing power or trim settings, roll the airplane slowly and
. smoothly into a turn while simultaneously lowering the nose slightly té

maintain trim airspeed, 1t using the hand-held force gauge on a center-stick

controller, the longitudinal force input will have to be made through the

o

-l

forze gauge.

. 3. When well stabilized on wim airspeed, bank angle, and normal acceleration,
- mentally note longitudinal control force, stick or elevator position, and
- normal acceleration. If using the hand-held force gauge, look at_it_if
E {

possible during this period. If the airplane is equipped with a wheel




controller, stabilize with one hand while holding the force gauge in
readiness with the other, then apply the force gauge and measure the force.

If automatic recording devices are utilized, ‘‘take a picture” of the

stabilized condition,

4. After the run, roll wings level and climb in prenaration for the next test
point while recording appropriate cockpit data: counter number (if
I applicable), g attained, stick force, stick and/or elevator position, and

deviation from trim airspeed (if any) during measurement.

i

Airspeed again is the critical parameter for this test. The test pilot must

note or record data only when stabilized precisely on trim airspeed.

Deviation from trim by mcre than + 5 KIAS is considered unacceptable.

I 6. Stabilized data points should be obtained at 30, 45, and 60 degrees of bank 9"
angle, then in approximately one-half g increments to the maximum
useable normal acceleration, Again, do not discard a perfrectly good data
noint if the exact value of normal acceleration is not attained. A reasonable
!_ spread of normal acceleration is all that is necessary. Only slight increases

in bark angle are necessary above 2 g in order to increase substantially the

- g increment,

7. Lixtle altitude is generally lost for the stabilized points at 60 degrees of
bank or less; therefare, a considerable time interval can be spent attaining
good stabilization without exceeding the allowable altitude band (base

F altitude + 2000 feet). At greater bank angles (higher normal acceleration),

the test pilor should start above the test altitude prior to entering the

steady wrn. Obviously, at these higher levels of normal acceleration,

stabilization rnust be quicker because altitude is being lost rapidly.
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[ 8. At the higher normal acceleration levels (60-90 degrees of bank), top or
bottom rudder should be utilized as an aid in precise airspeed control. A
little bottom rudder can salvage a run if the airspeed starts to decrease.
Usually, if airspeed increases sharply, top rudder will not be effective in

stonping the increase, thus the run must be aborted.

9. Both left and right steady turns should be performed. For jet airplanes,
l littie wvariation in maneuvering stability characteristics is generally
attributable to the direction of turn. For propeller driven types, large
differences may be noted due to direction of the turn; these differences are

usually caused largely by ‘‘ryroscopic effects.”

10. The time and effort required to obtain maneuvering stability characteristics

at less than 1 g in steady turns is excessive. Therefore, these characteristics

. @.. should be obtained during steady wingslevel nushovers previously
‘ described.

Wind-up Turns. The third method which may be used to obtain maneuvering

l stability data is the “'wind-up turn”, This technique is exactly the same as the
“alternate technigue for accelerated stall investigations’ presented previously. it
merely involves gradually increasing normal acceleration from 1 g to maximum

useable in a wind-up turn {lett or right) at constant airspeed, The wind-up turn is a

! convenient method to utilize for obtaining a large amount of data in a short period
of time if automatic recording devices are utilized; it is also a good “‘quick look”
quaitative technique even without automatic recording devices. The wind-up turn

| ( should be performed as follows:

1. Stabilize and trim carefully in the desired configuration at the desired

flight condition. Record a “trim shot” with the automatic recording
devices. Record appropriate cockpit data such as power, longitudinal trim

setting, trim elevator and/or stick position, and fuel quantity.
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2.  Actuate the automatic recording devices and smoothly and slowly roll into
the wind-up turn. Increase nurmal acceleration smoothly and slowly by
gradually increasing bank angle and aft stick position while maintaining
airspeed _constant, At high levels of normal acceleration (bank angles
greater than 60 degrees), use rudder inputs to aid in airspeed control,
Actuate the event marker at predetermined g increments, at buffet onset,
and at maximum useable normal acceleration. Deactivate the
instrumentation while recovering to 1 g flight conditions. Record counter

number and set up for the next run.

3. Some flight test activitias have advocated the “wind-down turn” as a means
of obtzining maneuvering stability data at less than 1 g normal

acceleration, However, this method requires extreme pilot skill and is

i A H

Sinuscidal_Stick Pumping, Qut-of-Trim Releases, and Sudden Pull-Ups, Three
methods will be introduced through which transient contral force requirements in
abrupt maneuvers may be determined. The technique to be utilized in a particular
test program will depend on the amount of instrumentation available and the

quantitative requirement being used as a criteria.

Sinusoidal stick pumping at various frequencies can be used to determine the

minimum transient stick force per g ratio. (The minimum stick force per g
ratio results when the control system is pumped sinusoidally at a frequency
close to (the closcness depending on short period damping ratio) the stick
free airplane short period natural frequency.) This technique requires
automatic recording devices in the test airplane. The procedure is merely

to trim the airplane in the desired configuration at tne aesirea thght

condition, then ierely pump the cockpit control stick fore and aft

sinusoidally at various frequencies. The test pilot should attempt to include

the frequency at which maximum normal acceleration response is obtained
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for the lowest control force inputs. The amplitudes of fore and aft stick
motion, push and pull stick forces, and positive and negative load factor excursions
should be as nearly equal as possible, The sinusoidal stick pumping is recorded on

the automatic recording traces. Typical results are shown in Figure 95, The

minimum ratio of stick force per g in the transient maneuver should be greater than
r .
4 -
= 3.0 pounds per g for center-stick controllers and 6.0 pounds per g for wheel
- controllers.
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Out-cof-trim stick releases is a method of “artificially” introducing a rapid
pull-up. The airplane is trimmed in the desired configuration and flight condition. It
is then rolled into a steady turn and stabilized at a desired normal acceleration.
Maintaining_the steady turn, the test pilot notes the stick force required, then
reduces it to zero by retrimming. The airplane is then rolled out of the turn, and

without_retrimming, returned to the test altitude and trim airspeed. (The trim

airspeed is stabilized with wings level by maintaining a push force on the control
stick.) The pilet then merely releases the stick and notes the peak normal
acceleration response. The stick force required in the steady turn and the peak
normal acceleration response provide a point which may be compared to the “stick
force per g'' gradient for steady pull-ups, Caution should be exercised in performing
this test; start with low g points and build up to higher values of normali
acceleration. This test is not rigorous although vaiuable qualitative information can

be obtained. The validity of this test is particularly questionable if the longitudinal
controi system has appreciable friction or if control eystem conteriing is poor.
The sudden puill-up merely involves measuring the ratio of longitudinal control
force to normal acceleration change with various rates of cockpit control motion,
The airplane is trimmed in the desired configuration and flight condition. If a
hand-held forc.: gauge is being used it is applied to the cockpit control stick so that
the abrupt force input can be made through the force gauge and recorded with the
floating nointer, The cockpit contiol stick is then smantly and rapidly deflected to
the rear a predetermined, safe amount, then returned to tie trim position. The peak
iongitudinal control force and peak normal acceleration during the abrupt maneuver
are noted. This ratio is then compared to "stick force per 9" gradients in steady
puli-ups. The sudden pull-ups should be performed with various rates of cockpit
control motion; the total elapsed time for the cockpit control input {from start to
return to the trim position) should be varied from approximately one-half to 6
seconds. If the airplane is instrumented for automatic recording of stick force,
normal acceleration, and elevator position, a continuous record of the entire
inaneuver will yield the necessary quantitative information. This test should be
performed with due caution; the test pilot should make initial elevator inputs rather

small until a good feel for the ““g-response’’ in abrupt maneuvers is obtained.
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Measurement of Longitudinal Short Period Characteristics

Damping and frequency {or period) of the airplane short period mode of
motion have been shown to have a profound effect on overall longitudinal flying
qualities. However, it is most appropriate 1o investigate the characteristics of this
motion during maneuvering tasks because o7 the effect of these characteristics on
the response of the airplane to external perturbations or longitudinal control inputs.
It is necessary to discuss the effect of varying short period characteristics by varying
only one parameter at a time. For the discussion of the effect of varying short
period frequency it is assumed that the damping ratio of the short period motion is

fixed at an acceptabie level,

Short Period Frequency, Tha parameter, U, is the damped frequency of the
second-order, short period mode of motion. If it is a real, positive number, it is
directly related to the physical frequency (or quickness) with which the airplane
responds to an elevator input or an external disturbance. in visual flight, the pilot
notes this frequency of response by reference to the pitch attitude of the airplane,
the normal accelerometer, or angle of attack indicator. The pilot is also sensitive to
this frequency of response through the normal acceleration he feels. When flying by
reference 1o instruments, the normal accelerometer, angle of attack indicator, and
“normal acceleration feel’” provide cues of the response frequency of the airplane.
Obviously, the damped frequency of the short period mode of motion has a very
large influence on the pilot’s opinion of the longitudinal flying qualities of the
airplane, However, the damped freguency is dependent on damping ratio_as weli as
the undamped natural_frequency, Therefore, airplane short period flying qualities
requirements and data are usually presented in terms of the undamped natural
frequency, Uhg,, and damping ration ggy . Although the undamped natural
frequency might seem to be of academic interest only (at first glance), it will now be

shown that it is actually a usetul means ot describing the longitudinal maneuvering

behavior of the airplane as the pilot sees it.




With satisfactory damping of the short period mode, the following
rationalizations may be made concerning the effect of various short period natural

frequencies on longitudinal flying qualities.

1. For "low” Wngp vaiues - the pilot find that the airplane tends 10 “dig-in"’
during maneuvering. This characteristic is explained by the fact that the
airplane does not respond quickly enough initialiy_to the pilot’s control
input. The pilot therefore tends to put in 100 large an input when
attempting to make a rapid flight path change, such as a sharp pull-un or
rapid wrn entry, The large input yields the desired initial response;
however, the pilot soon finds that the final response, once it develops, is
more than he wanted. Thus it is the initial response which the pilot finds
lacking when attempting vigorous maneuvering tasks at low short period

natural frequencies. If the airplane is always maneuvered slowly and

smoothiy, the piiot probabiy does not object 1o the siow initiai response, e
(The large transport or passenger airplane, with large moments of inertia in ’
pitch, are characterized by low short period natural frequencies. Since
these airplanes do not have tc be maneuvered extensively in their missions,
however, the pilot may feel the response characteristics are oerfectly
satisfactory.) Trimmability may be impaired somewhat if Wngy, is too
low. This is due to the fact that every trim input the pilot makes requires a
relatively long time interval to take effect. Thus the pifot thinks he is in
trim initially, but finds later that a little further trim correction is
necessary. The pilot does not have a good, firm knowledge of when the

trim setting is exactly correct,

2. {f the short period undamped natural frequency is “medium’’ to “high”’,
the response of the airplane to longitudinal control inputs is generally
satisfactory for maneuvering tasks. The airplane is quick responding

longitudinally and the pilot will generally feel very confident during
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gunsight tracking or bombing deliveries. During vigorous maneuvering, the
pilot has a strong, positive feeling that the normal acceleration response
will be exactly what was desired when the elevator input was made. This
“predictability factor’ is important to the pilot. Additionally, the medium
to high short period frequency enhances longitudinal trimmability. With
the medium to high frequency, every correction made during the task of
trimming takes less time and comes 10 a completion quicker. This gives the
pilot the feeling that he knows exactly what trim correction is necessary.
In other words, the airplane's longitudinal trim point is weil defined and

corrections to the trim point are made quickly,

For “very high” Wng, values - the pilot may complain that the initial
response of the airplane is too fast or too quick. This is due to the fact that
the high natural frequency makes the airplane too sensitive and responsive
to very small longitudinal control inputs. During precise tracking
mareuvers, the pilot tends to “bobble” the nose position of the airplane.
This may. impair precise placement of ordnance during certain
maneuvering tasks required in mission accomplishment. If the airplane is
flown in turbulence, it may respond so abruptly through angle of attack

and normal acceleration changes that the pilot is subjected to an
uncemfortable, teeth-rattling ride. Flying qualitics investigations have
shown that increasing ‘stick force per g” gradients tend to attenuate the
sensitivity and “bobbling’* tendencies associated with high short oeriod
natural frequencies. The higher Fs/n gradients merely require the pilot to
use larger force inputs during any maneuver, which tends to decrease the

initial abruptness and sensitivity exnerienced with lighter FS /n gradients,
However, this type of compromise is never completely satisfactorv since
steady longitudinal control forces in pull-ups and turns may become
excessive. |f the short period natural frequency is very high, even the best

compromise value of FS /n cannot make the maneuvering characteristics

acceptable.
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Short Perigd Damping. The parameter, Lsp - is the damping ratio of the short
period mode of motion. {ts value strongly affects the time or dynamic response of
the airplane to a longitudinal control input or an external distrubance. Pilots are
very sensitive to this narameter, It may be detected in visual flight by observing the
pitch attitude of the airnlane as the airplane responds to an elevator input. The nilot
notes the peak value and oscillatory nature of the response. The damping ratio can

be detected in instrument flight by reference to the normai accelerometer or angle
of attack indicator.

Short periad damping ratio has a direct effect on piloting technique and the
pilot’s opinion of the longitudinal flying qualities of the airplane, particularly during
maneuvering tasks. At a constant short period undamped natural frequency of
reasonable value, the pilet’'s description of the airplane can be varied from

“over-responsive’” to “‘sluggish”” merely by changing the damping ratio. Assuming a

satisfactory

Nep * cllowing rationalicaiions may Le made concerning the

effect ot various short period damping ratios on longitudinal flying qualities.

1. For very low damping ratios - ti e girplane short pesiod motion is very
easily excited by pilot inputs or external disturbances. Once excited, the
motion ({pitch attitude, normal acceleration, and angle of attack
oscillations) tends to persist for a relatively long period of time. When the
piiot attempts to maneuver the airplane vigorously, he finds the
longitudinal resnonse is oscillatory and the resulting oscillations in angle of
attack and normal acceleration disconcerning and uncomfortable, Thus,
the pilot will probably switch to cautious longitudinal control inputs in an
attempt to keep from exciting the short period metion. Longitudinal
control forces required in maneuvering wiil probably feel lighter to the
pilot than the actual force gradient. This is because the initial response of
the airplane is quicker than the pilot thinks it should be, therefore, the
pilct thinks he applied more force than he should have applied,
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For low short period damping ratios - the airplane short period motion is
still quite anparent to the pilot, however, it is very noticeably damped. The
pilot may still use somewhat cautious control inputs because a noticeable
overshoot in desired angle of attack and normal acceleration accurs when
large, abrupt inputs are made. However, the pilot will feel more
comfortable in maneuveting vigorously than he would with the very low
short period damping. Longitudinal control forces in maneuvering flight

may still seem a bit light.

For moderate short period damping ratios - the airplane short period
motion is natural and predictable. The response of the airplane to a
longitudinal control input is such that the pilot feels that he can change
angle of attack, pitch attitude, and normal acceieration to whatever values
he desires. In aadition, the pilot feels that he can make these changes
precisely without any overshoot or undershoot in amplitude. Longitudinal
control forces during maneuvering flight feel normal. The pilot thus feels
very secure in maneuvering the airplane vigorously; maneuvering tasks

required in mission accomplishment are performed without undue pilot

effort.

The fairly heavy and heavy short period damping, the airplane short seriod
motion is not evident to the pilot. The response of the airplane to
longitudinal control input approaches a steady siate value with a minute
overshoaot or it approaches the steady state purely asymptotically. As the
short period damping ratio increases, the airplane response becomes slower
and slower; the pilot resorts to ““forcing’’ the initial response by apnlying
large elevator inputs to get the response started. For this situation, the
pilot describes the airplane as ‘“’sluggish” during maneuvering, and because
he resorted to using large initial elevator inputs, longitudinal maneuvering

control forces feel higher than normal.
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The Short Period “Thumbprint,”” The results of a piiot opinion study have
indicated that there are combinations of short period undamped natural frequencies
and damping ratios which provide satis{aciory longitudinal flying qualities for
tracking maneuvering tasxs. A typical display of these combinations, or
"thumbprint" as it is commonly called, is presented in Figure 96 with
various pilot comments describing the airplane's longitudinal
characteristics at appropriate points outside the thumbprint. (The
"thumbprint" discussion (Figure 96) is valid for only one particular airplane;
however, the trends are the same for all airplanes.)

—e BEST TESTED BOURDARY
——= =~ UNSATISFACTORY BOUNDARY

o

-

o

SHORT PERICD NATURAL FREQUENCY, CPS

i 2 3 4 5 6 7 8901 20

SHORY PEMIOD DAMPING RATIO {
(RPPLICABLE FOR A TRACKING MANEUVERING TASK)

Moves an steps,  Hesponse anatially  a bit abrupt,

Respunwe erratac or step dike.  torces too heavy, Not
maneuverable. Stick motion tor great,

. Not very mancuverahle, ~Stiff and <luggivh, ftorce too heavy,
Goud flying bat not a fiphter,

1, MBomber or heav. fagnhter. Mot cueuverable,  Forces heavy and
stick motion too great, Tfrims well,

b, light bomber., Not fignter tyre, forces heavy. Too much
stich motion, Mot maneuverable.  Sluggash,

t. Response fast, cscallatory, Duifficultto track, Force
initially light then stiffens,

G. Oscrllatery, too closely coapled, Too responsive.

M, Dangerous - could exceed load tactor. iaighly escillatory.
Pilut relustant to maneuver. \ery difficult to track,

FIGURE 96 .
THE SHORT PERIOD " THUMOPRINT
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Residual Oscillations, Any sustained residual oscillations in pitch should not
interfere with the pilot’s ability to perform the tasks required in the mission of the

airplane. For levels 1 and 2, oscillations in cockpit normal acceleration of greater

&

than + .05g or pitch aititude oscillations greater than_+ 3 mils {Category A Flight

Phases) are considered excessive,

Additignal Short Period Criteria, !t is generally agreed that short period

frequency and damping alone are not adequate to completely describe the

-_i'f'- acceptability or unacceptability of the short period response. An additional
e parameter has been utilized in an attempt to resolve discrepancies existing between
p.' the results of various pilot opinion studies in which only wngn and zgp were

Ch

considered. This parameter, /o , has been previously introduced in the discussion

: of maneuvering stability characteristics. The ratio of maximum pitching acceleration

to steadv state normal acceleration durinig maneouverin

=
e}

{un sp) 2/n/a . This pitching acceleration is the airplane longitudinal response
which develops earligst during maneuvering. Many of the objections to both very

highi and very low short period natural frequencies are due to deficiencies in jnitial

T EeTT

PR S NN

responge. Therefore, requirements for short period natural frequency have been

expressed as a function of "/y ; these requirements are designed to maintain

’

(wnsp) 2/n/q  essentially constant (see Figure 97 a, b, and c¢). Of course, short

period damping is aiways extremely imnortant and must also be maintained within

————
Ty T

St
B .. R

acceptable limits.

,- fl- .'l

TS

N R

1Assumptions of constart airspeed and a “high-frequency’’ control systems are
made.
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The Doublet, Pulse, and 2 g Pull-Up. Three methods will be introduced for
obtaining quantiiative short period characteristics, The method utilized for a
particular flight test will depend on the characteristics of the airolane, the
requirements against which tested, and the preference of the individual test pilot.

The ‘doublet input’” excites the short period motion nicely, while suppressing
the phugoid. It is generally considered to be the optimum means of exciting the
short period motion of any airplane. The doublet input manufactures a deviation in
pitch attitude in one direction (nose-down), then cancels it with a deviation in the
other direction (nose-up). The total deviation in pitch attitude from trim at the end
of a doublet ic_zerg, Thus, the phugoid mode is suppressed. However, the short

period motion will bz evident since the doublet generates deviations in pi' h rate,

e sl nnaalavadl e -

normal acceleration, and &i'lg;f: Of aiievk at a consiant airspeed. Short periOd
charactaristics may bhe determined from the manner in which these parameters

return to the original trimmed conditions.
The doublet is performed as follows:

1. Stabilize and wrim carefully in the desired configuration at the desired
flight condition. If using automatic recording devices, activate them before
initiating any deviation from trim. {The first part of the trace then serves as

2 "“trim shot.”)

+2

With a smooth, but fairly rapid motion, apply airnlane nose-down
longitudinal control to decrease pitch attitude a few degrees, then reversa
the innut to nose-up longitudinai control to bring the pitch attitude back
10 _trim, As pitch attitude reaches trirn, return the longitudinai cockpit

contro! to trim and -elease it (controis-free shory period) or restrain it in




T Tl

..............

the trim position (controls-fixed short period). {Both methods should be
utilized,) At the end of the doublet input, pitch attitude should be at the
trim position (or osciliating about the trim position) and airspeed should
be exactly trim airspeed. The doublet input and various other significant

parameters are shown in Figure 98,

4 AFT = DOUBLET IN?L " -»
- 4 ' '
ge2 !
h%’% TRIM w - +
. 1
g"’ FWO ' -
| :
TEU ' !
88 ‘ /\\'
SETRIM : + -+
w !
rhd U
TED

c
0

AIRPLANE
PITCH

ATTITUDE
o 3
3 =z
i
|

3
7
%

PITCH RATE
NORMAL 3
ACCELERATION @

|
l

*

L3 AIRPLANE SHORT FERIOD MOTION

3 + PERIOD ~—t
gg TRIM ‘| = { fv _L:‘(
‘5 - \—/ i
2 4 6

TIME - SECONCS

FIGURE 98
DOUBLET INPUY AND AIRPLANE SHORT PERIOD RESPONSE

+ 1V-168




3. Obtaining quantitative information on short period characteristics from

cockpit instruments is difficult and will be almost impaossible if the motion
lr_ is heavily damped. However, if a sensitive accelerometer and/or sensitive
l angle of attack indinator are available in the cockpit, and if the mation is
5 not too heavily damped, the test pilot may be able to see enough of the

{ree oscillation to obtain a halt-cycle amplitude ratio, From this parameter,

- an approximate dainping ratio can be quickly obtained‘. The time required
I for a half-cycle may be measured with a one - or three - second sweep

stopwatch. Doubling this time yields the approximate damped period of

the short period motion. From this parameter, approximate values for
B damped frequency and undamped natural frequency may be computed, if
desired 1. if the pilot cannot see enough of the motion to measure and time

a haif-cycle amplitude ratio, the short period motion should be

qualitatively deseribed as essentiallv deadheat.

4. |If automatic recording devices (oscillograph or magnetic tave, etc.,) are
available, the entire doublet input and short period resnonse may be

i recorded and ana!yzed1 later for accurate quantitative information.

.(J'I

The frequency with which the doublet input is appiied depends on the

frequency and response characteristics of the airplane. The test pilot must
” adjust the doublet input to the particular airplane. The maximum
response amplitude will be generated when the time interval for
the complete doublet input is approximately the same as the period

of the undamped short period oscillation (see Figure 98).

-;_.;'\' 1 See “'Analysis of Second Order Responses’ in the introduction of this manual.
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The amplitude of the doublet input must be large enough to genevate a
large enough short period response to analyze. Ease and accuracy of
analysis increases with size of the short period response. it is judicious 1o
make small amplitude inputs until familiarity is gained with the response
characteristics. This is particularly important for a low altitude, high speed

flight condition or any high dynamic pressure flight condition,

The doublet input may be made by first applying aft stick, then reversing
to forward stick. However, this results in less than 1g normal acceleration

at the completion of the doublet and is more uncomfortable for the nilot,

The pulse input also excites the short neriod nicely; however, it also tends to
excite the phugoid mode. This confuses data analysis, since the response of the

airplane through the phugoid may be taken as a part of the short neriod resnonse.

g This is particularly true for low-frequency, slow responding airplanes. Therefore, the

[ pulse can usually only be utilized for high-frequency, quick responding airplanes in

which the short period motion subsides before the phugoid response can develop.

The pulse can always be used for a quick, quaiitative look at the form of the short

period motion. It is performed as follows:

b

Stabilize and wim in the desired configurgtion at the dosired flight
condition. Actuate the automatic recording devices, if available, before

initiating any deviation from trim

With a smooth, but fairly rapid motion, apply airplane nose-up iongitudinal
control to generate pitch rate, normal acceleration, and angle of attack
changes, then return the longitudinal control stick to the trim position,
The short period motion may then be observed while restraining the
control stick at the trim position (controls-fixed short period) or with the

control stick free {controls-free short period).
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The pulse is actually the last half of a doublet input. The parameters shown
in Figure 98 at the completion of a doublet input will be the same at the
completion of the pulse input except airplane pitch attitude will be
different from trim_and_will return to trim_only through the phugoid
motion.

Puises may also be performed by first appiying airplane nose-down

longitudinal control,

The 2g pullup excites the short period motion nicely and suppresses the
phugoid if performed correctly. it requires more time and effort thar either the
doublet or pulse inputs. However, it is useful for investigating short period
characteristics in low frequency, slow responding airplaries. It may also be used in
any airplane which exhibits heavy short period damning and a large amnlitude

Qj motion is desired for analysis. The 2g pull-up is performed as follows:

Stabilize and trim carefully in the desired configuration at the desired
flight condition. f using automatic recording J»vices, take a trim shot,

then wrn the devices off.

Decrease airspeed by  increasing pitch attitude, then appiy airpiane

nose-down longiwdinal control to enter a dive.

Trim altitude should be approached in a fairly steep nose-down attitude.
As airspeed increases toward the trim airspeed, actuate the automatic
recording cdevices and apply airplane nose-up longitudinal control to

establish pitch rate, normal acceleration, and angle of attack changes.
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4. As the airplane pitch attitude approaches the initial trim pitch attitude,
airspeed should be trim airspeed, and normeal acceleration should be
approximately 2g. As the pitch attitude reaches trim, smartly return the

cockpit contro! stick to the trim position and restrain it there or release it.

b. Observe appropriate short period characteristics and deactuate the

automatic recording devices after the motion has subsided.
PILOT-INDUCED OSCILLATIONS

The pilot-induced oscillation (P10) can be defined as sustained oscillations or
instabilities resuiting from the pilot being in the control loop. These osciilations
would not occur if the pilot had not closed the loop, since with few exceptions the
aiiplane alone is dynamicaiiy stabie. it follows that control system dynamics as well
as airframe and piiot dynamics enter into this phenomenon. in other words, it is the

total system that must be considered when evaluating P10.

Several open loop type flight tests have been developed to identify
characteristics that tend to contribute to P10, One test is the sinusoidal pumping of
the elevator contro! at frequencies up to the short neriod. The phase angle between
the elevator and stick is used to assure adequate performance of the elevator servo.
For this same type of pumping at all input frequencies, the ratio of peak stick forces
to peak load factors is used as an indicator of how bobweights, augmentation
systems, and basic control systems interact. If this ratio decays significantly below
steady state stick force per g, the airplane tends to become either very sensitive in
maneuvering or PIO may be encountered. Tests on the artificial feel system
including centering, breakout, friction, freeplay, and damping may also yieid

information about control system characteristics that contribute to the problem.
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All of these open loop tests may be used to point out areas of the flight
envelope where P10 tendencies exist; however, the P10 is a closed loop phenomenon
and tasks involving close pilot control of the airplane must be included. One such.
test is high-speed formation flying where the pilot attempts to hold a precise wing
position. Others involve precise pitch tracking of either another aircraft or small
ground and cloud targets. If PIO is encountered, the pilot should get out of the
contro! loop since the natural stability of the airplane will normally damp out the
oscillations. This can be done by simply releasing the cockpit controls or by
“clamping’” the stick in the neutral position with both hands. Obviously, if the PiO
is encountered at very low altitude, the best recovery technique is to smoothly but
positively apply a pull force and commence a climb before releasing or restraining

the stick.

Since the PIO involves a closed loop system where the short period mode is
driven divergent, it is obvious that a lightly damped free oscillation short period may
contribute to P10O. Also, since the dynamics of the pilot are involved, the higher
frequency airplanes are usually more prone to PIO, However, it does not necessarily
follow that the lightly damped, relatively high frequency airplane witl exhibit P{O
tendencies. Thorough testing of both open and ciosed loop response characteristics

in all flight phases is necessary to fully define PIO tendencies.

There are no rigorous test technigues with which to investigate P10 tendencies.
The straight-forward approach is probably the best - fly the airplane in the flight
conditions where PIO tendencies are predicted and see if any are encountered. This
approach should, of course, be made in gradual steps, building up tc the most
critical conditions as experience is gained. The following general guidelines are

offered in planning and conducting a test program for investigating

pilot-induced-osciliation tendencies:




*!_ 1. The airplane should be maneuvered as it would be while making precise
- corrections in pitch attitude and normal acceleration. Close formation
2 flying and precise gunsight tracking tasks are “tight spots’’ where PIO

tendencies may be readily apparent,

2. A properly planned test program using various frequencies of ‘‘sinusoidal

stick pumping’’ would practically force the test pilot to experience a PIO if
'l the tendency were present. Sinusoidal stick pumping was previously

introduced in the discussion ot transient maneuvering control forces.

3. Extreme caution should be exercised in attempting a test program of this

nature in the LAHS fiight regime. The amplitude of normal acceleration

variation during a P10 in this regime could precipitate dramatic and sudden
structural failure of the airframe and possibly incapacitate the pifot so that

b escape would be impossible, -
>

o 4, If longitudinal stability augmentation is installed, the effect of its failure

on PI10O tendencies must be investigated with a careful build-up program.

POSTFLIGHT PROCEDURE
As soon as possible after returning from the flight, the pilot should write a
..
brief, rough gualitative report of the longitudinal flying qualities exhibited during
the mission tasks under evaluation. This report should be written while the events of
the flight are fresh in the test pilot’s mind. Qualitative pilot opinion, appropriately
‘ related to the mission tasks under evaluation, will be the most important part of the
. final report. .
Appropriate data should be selected tc substantiate the pilot’s opinion. Several
b' suggested means of presenting data will be introduced. No matter what method is
"-_ used, it shouid be clear, concise, and complete. O
° IV-174 !
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Mechanical characteristics may be presented as shown previously in the

discussion of ““Test Procedures and Techniques - Nonmaneuvering Tasks,”
itudinal M veri bili haracteristics

Longitudinal maneuvering stability characteristics may be presented as piots of
longitudinal control force, elevator position, and longitudinal cockpit control
position versus normal acceleration at a constant trim airspeed. This presentation
shows the linearity or any nonlinearities of the relationships. If n/« is linear
applicable specification limits for the local Fs /n gradient can be plotted on the
longitudinal control force curves as an aid in determining specification compliance
{i.e., when iocai F5 /n gradient is steeper than minimum or shallower than maxirnum
specification requirement). Longitudinal control system breakout forces, including
friction should b2 considered when fairing curves through the data points and when
drawing specification limits. The Fs /n curves and the specification limit lines should
originate at the longitudinal control force value corresponding to breakout,
including friction in either the push or pull direction. Typical plots are shown in
Figure 100.

(NOTE: For the example shown, no difference in the characteristics and be
detected between left and right steady turns. For single engine, single rotation

propeller airplanes, the difference may be significant enough to fair curves for both

left and right turns,)
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If enough data points are obtained during the maneuvering stability tests,
and/or if no significant differences can be detected for steady turns and steady
pull-ups, it is not necessary to attempt to fair a curve through the data. In this case;
the data points themselves define the curves. Typical plots are shown in Figure 101,
An additional plot helpful in determining and presenting specification compliance is

shown in figure 102.
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_n Wind-up turns at constant airspeed yield as many data points as the engineer
desires to abtain from the automatic recording traces. If automatic data reduction
facihties are available, enough data points can be obtained to ‘‘shot gun” the data. A
I typical example of this method of data presentation is shown in Figure 103 for the

“stick force per g'’ characteristic only.
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S 1 1 [ S 1 L
K 10 20 30 4.0 50 €0
! NORMAL ACCELERATION
9
FIGURE 103
- POSSIBLE MEANS OF PRESENTING "STICK FORCE PER ¢" DATA
) FROM A WIND-UP TURN

If maneuvering stability tests are performed at various CG positions for the

] same configuration and essentially the same flight conditions, the data may be

presented as shown in Figure 104.
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Longitudinal maneuvering control force data is sometimes presented in tabular

¢ formn when many loadings, configurations, altitudes, trim airspeeds, and CG
:_; positions have been utilized, An example is presented in Figure 105,
L i - o o Coni rol-l‘orce
| RERTLRRLIE] Vg teruer atien CO I'nsptyen T10° At b tan (IR Gradient (1)
L Lo i g e L
[ A (Y 17.1 14, 10 10 e oL 21.8&
I I KA S I qu,noy oo 11.3
i A - Sl 14,740 T, N00 AN E BT 9.2
| N i 20,6 16 BRI 30,000 235,004 9,2
¢ |3 C2h.102) 1x, 140 W, 000 124,/ .81 6.9
A " I RLS | 14,80 10,000 n21/.92 6.8
; r 2. 14,500 1, 0au Al oLyl 5.0
A Uk 2.2 15, %30 1,000 4397,.71% 5,2
" R 24,1 [ AN 1,000 289/.52 5.6
N Cle 19,302 bt 14,000 146 /7,63 11.0
E v i sJi.902) 14,90 1n, 000 { 445/,19 4.9
i 2.0 1,600 10, 000 127 16.6
L o n-.\__ R 1,00 10,000 150 19.0
'\, (1) Average maneuvering control force gradient measured
| % e from one g to maximum g attained in a wind-up turn,
! (2) See CG - Gross Weight relationship shown in Appendix IV, .
g . Figure 1,
b FIGURE 105
&
> LONGITUDINAL MANEUVERING STABILITY TABLE
AN The flight test team rnay desire to present the variation of the ““stick force per
e g" gradient with altitude and airspeed (or Mach number.)} If so, average gradients of
' stick force per g can be determined for different trim airspeeds and altitudes and
g preserited on the same plot (Figure 106). In general, the average gradient should be
computed for the same normal acceleration increment at each trim point; i.e.,
. ‘ “average gradient between 1.0 and 3.0 g’ or ‘average gradient betweers 1.0 g and
3 _' buffet onset.” At any rate, the riormal acceleration increment used to compute the
1 : average gradient should be presented on the plots.
K
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Airplane Short Period Characteriztics

GROSS WEIGHY ! 16,000 - 20,000 LBS
CG: 20.0% — 25.0% MAC

amount of data available, If the scope of the evaluation is limited, short period
characteristics are effectively presented in tabular forrn. An example is shown in
Figure 107. If the short period motion was recorded on oscillograph, magnetic tape,
or telemetry, the actual trace, appropriately annotated, may be presented in the
report. Argle of attack is the most desirable parameter to use in analyzing the test
results, since it exhibits the pure short period response better than any other
parameter, particularly at low speeds. However, normal acceleration or pitch rate
may also be utilized in obtaining approximate quantitative short period

characteristics,
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Airplane Short Period Characteristics

TRIM “nsp | &gp
ALTITUDE | AIRSPEED| CG |STAB |(RAD/ C1/10
CONFIGRATION (FT)  |(KIAS,IMN)|(%MAC)| AUG | SEC)
POWER (P) 40,000 1.2 350 |ON 3.9 0.3 1.0
POWER (P) 5,000 550,0.9 | 355 |ON |[5.0 0.6 0.5
POWER APPROACH | 5,000 130 26.0 | OFF [MOTION
ESSENTIALLY
DEAD BEAT
Figure 107

When the flight test team desires to show the variation of airplane
short period characteristics with airspeed or Mach number, a plot similar to
that shown in Figure 109 may be utilized.
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I_ Pilot-Induced Qsciltations

Any tendency of the pilot-airplane combination toward PIO during any of the
i maneuvering tasks must, of course, be thoroughly discussed in the technical report.
This discussion may be a separate section within the report or integrated into other
sections of the report, such as mechanical characteristics, maneuvering stability, or

short period motion discussions,
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SPECIFICATION REQUIREMENTS
Requirements for static and dynamic longitudinal flying qualities during
l maneuvering tasks are contained in the following apnlicable paragraphs of Military
Specification MIL-F-B785B(ASG), of 7 August 1969, hereafter referred to as the
Specification.

3.2.2 Longitudinal maneuvering characteristics.

3.2.3.2 Longitudinal control in maneuvering flight.

RN Y PO L

3.5.2 Mechanical characteristics.
|
| 2532 Dynamic characteristics.
1 €
354 Augmentation systems,
i The requirements of the Specification may be modified by the applicable

I aitplane Detail Specification. Comments concerning only those portions of the

. Specification which require some interpretation are presented below,

E 3.2.2.2.1 _Contrpl forces in accelerated flight, The terms “local gradient” and
: “average gradient’’ ere not defined in the Specification. The definitions presented
- earlier in this section shouid be utilized in the analysis of test results. Note that limit
|‘ local factor, NL, is defined as the symmetrical flight limit load factor for a given

Airplane Normal State, based on structural considerations. If this information is not

defined by the contractor, utilize the maximum allowable load factor for the

particular conrfiguration, store !oading, etc., in computation of Specification limits

4 for maximum and minimum local force gradients. m;;_mgﬁgn_gf_tb_e_fs_[n_um
of 1able V. Because the iimits on F¢ /n are a function of both ry_and n [x, table V




is rather complex. To illustrate its use, the limits are presented on Figure 110 for an

airplane having a center-stick controller and n;_ = 7.0.
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LONGITUDINAL FLYiING QUALITIES - MANEUVERING TASKS
GLOSSARY OF DEFINITIONS

PITCH RATE DAMPING - Pitching moment created because of the angular

rotation of the airplane in pitch during curvilinear flight. Sometimes called

“damping in pitch’’ or “viscous damping in pitch.”

STICK-FIXED MANEUVERING NEUTRAL POINT - The iocation of the center

of gravity of an aircraft for which the gradient of elevator position versus normal
acceleration at a constant airspeed would be zero. Sometimes called the “elevator

position maneuvering neutral point,

STICK-FREE MANEUVERING NEUTRAL POINT - The location of the center of

Q—. gravity of an aircraft for which the gradient of longitudiral control force versus
o normal acceleration at a constant airspeed would be zero. Sometimes called the

“longitudinal contro! force maneuvering neutral point.

MANEUVERING TASKS - Those tasks which result in accelerated flight

conditions; during these tasks, transitions for one equilibrium flight condition to

another are made quickly, and possibly, somewhat roughiy.

LOCAL STICK FORCE PER G GRADIENT - Slope of the tangent to the curve of

longitudinal control force versus normal acceleration at any point.

AVERAGE STICK FORCE PER G GRADIENT - Slope of a line drawn from the
1g point where breakout, including friction is overcome to the point under

consideration on the cuive of longitudinal control force versus normal acceleraticon.

* PILOT-INDUCED-OSCILLATION (PiO) - A divergent oscillation of the piloi -

airplane combination where the airplane alone exhibits at least some degree of

dynamic stability.




LONGITUDINAL FLYING QUALITIES - MANEUVERING TASKS
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MISCELLANEOUS LONGITUDINAL TESTS

INTRODUCTION

There are numerous miscellaneous longitudinal tests which have not been
discussed previously and which are conveniently presented as a group. These tests

are the subject of this section.

LONGITUDINAL TRIM CHANGES

Since changing power, lowering the landing gear, extending the fiaps, opening
the speed b:iakes, and movement of other externa! variable position devices cause
pitching moments, the magnitude of the forces involved in opposing these moments
must be determined. The specification contains a table of the most commomly
encountered “‘configuration changes” along with the trim speeds to be used and the
initial configurations to be set up prior to varying the configuration, Each of the
configurations represents conditions of flight under which the configuration change

would logically be made. Consider the following example:

" !
{ ;
; Initial Trim Condition ‘ i
Flight A]titudeiSpeedi LandingHigh-1iftThrust ‘onf1gura-Para- '
Phase _ Gear evices | tion meter ‘
: Wing hange to be |
; laps held |
. - i _ Constan
m—r— T — — — e =T !
Approach: h Normal up  Wp TLF Gear down |Alti- |
_ | %min pattem : ; 1 tude |
: ntry : . and |

: peed ‘ air-
. | . e .i_ . . . ispeed*]

* Throttle setting may be changed during ti: maneuver.
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In this case, the airplane is being prepared for an approach. The trim speed (zero

stick force) is the normal gear extension speed. (Reference shouid be made to table |
.'. of the specification which defines homin' ) Power applied is sufficient to maintain
! level 1light at the trim spneed. The configuration change is fowering the landing gear.
The peak forces involved in holding altitude and airspeed constant for a 5-second
period after initiation ¢f the configuration change are the data desired to determine

- specification compliance. A greater period of time may be of interest for mission

suitability considerations.

The specification allows considerable latitude in this particular test. The tabl~

set forth in the specification is only a recommended scope of investigation. It states

XN

specifically that the changes should be made under conditions of flight
representative of operational procedures. A majority of the abjections to the table
| result frorn the sneed brake section which is not too realistic in that she effect of
5 C extensicn and retraction of brakes in dives is not inciuded. Accordingly, a
recommended addition to the scope of the tests for Class IV airplanes is an

investigation of the effect of extending speed brakes in a dive with the parameter to

l: be held constant being attitude (or the aiming point of the dive prior to extension).
The trim changes resulting from speed brake extension and retraction at different

airspeeds as well as during jet instrument penewrations, GCA approaches

£
=3
[
£
3
2y
55
@

approaches should also be assessed.

Another item to bhe considered when conducting this test is the airplane’s
response to the changes in configuration, With modern control systems, the forces

are usuallv low, even when the pitching momeants are considerable. Therefore, the

‘ response ¢ ¢ the airnlane is quite important in determining suitability from a pilot’s
point of view, In particular, when putting wheels and flans down under instrument
flight conditions, a rapid pitch-un or down is highly undesirable even though the

% forces required to maintain altitude constant are of a low order. Another condition

which arises freauently is a roll or yawing momeni which results from asymmetric
extension or retraction of flaps or wheels. This is annoying as pilot attention must

be directed to directional and/or lateral t-im changes in addition to the longitudinal

q change normally expected.
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For each trim change condition, an attempt should be made to trim out the
final forces resulting from the change in configuration. In some cases, when holding
aititude constant is the requirement, the additional drag caused by extansion of
wheels or flaps may cause the speed to reduce to stall. In such a case, there is no
final value, only a peak force. Usually upon completion of a card, examination of
the data will reveal that several of the configu.ation changes which could logically be
changed simultaneously will regquire application of longitudinal force in the same
direction. For example, if two configuration changes require a push force
individually, most likely their combined effects would be additive. The test pilot,
shoutd determine which cembination of configuration changes would be

encountered in the airplane’s mission and investigate them tharoughly.

LONGITUDINAL TRIMMING DEVICE IRREVERSIBILITY

It is highly desirable that the longitudinal trimming device maintain a given
setting indefinitely, unless changed intentionallv; or to put it differently, iy should
be irreversible. In order to test z lengitudinal trimming device for irreversibility, it is
necessary that the tab or variable stabilizer be subjected to a high angte of attack at
as great a “'q"” (dynamic pressure) as is feasibie., This is dene by carefully trimming
the airplane at an airspeed, entering a dive, and increasing the airspeed to ciose to
the maximum permissible airspeed of the airplane without retrimming. A high g,
symmetrical pull-out is executed at a lower altitude (at least 10,000 feet) and
without retrimming, a check is made at the original trim airspeed, altitude, and
power setting. If the longitudinat trimming device is irreversible, the force required

to maintain the trim speed will be zero. If, hcwever, the tab is reversible, a push or

pull force will be required to maintain the tiim speed.




€

The tab indicator itself is not reliable in determining movement of the tab. If
control system friction is high, a change in tab setting may not be apparent through
the airplane’s stick-free stability. In such cases, it will be necessary to instrument' for
tab position if the reversibility is actually annoying. Normally. if there is no
apparent change in trim {as refiected by zero Fg ) at the original trim speed, the fact
that the tab has moved is not too objectionable, unless the tab movement under

some nther condition of flight is bothersome,
GROUND EFFECT HOLD-OFF

For airplane cornfigurations with the horizonital tail behind the wing, ‘‘ground
effect’” reduces the angle of downwash at the taii. Since the downwash behind a
wing not in ground effect reduces the tail angle-of-attack (o4 ), the charye caused by
ground effect results in an increase in the tail angle-of-attack anc a corresponding

increase in tail lift. This effect is illustrated in Figure 111,

OuT OF GROUMD EFFECT
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'l. Since tail lift is increased by ground effect, more up elevator is required to

maintain a given lift coefficient (Cp) in ground effect than out; it foliows that
i because the elevator deflection is physically limited, its capacity to produce nose-up
'E pitchir.J moments is lessened by ground effect. In some airplanes, we find that the
elevat- + -ffectiveness is insufficient 10 obtain an aerodynamic stall. Now, if the
airplave 5 flown in ground effect, the effectiveness of the eievator is further
reduced, and very likely it is not possible to obtain the minimum guaranteed landing

speed or even the minimum speed that was attainable at altitude,

NS LA

Approach and landing speeds are becoming more and more critical and shouid

not be limited by longitudinal control effectiveness, Because of this, we test for

what is called the “‘ground effect hold-off speed;” i.e., the minimum speed attainable
in ground effect in configuration L and the stick force required to maintain the
required elevator deflection at this speed, It is important tc understarid that this test
fi; is conducted to evaluate longitudinal contro! effectiveness in close proximity to the C‘" : i
ground and is not intended to be a test of landing characteristics with idle

power/thrust.

F Method of Tast

With a forward critical CG loading, the airplane is trimmed in configuration PA

at normai approach speed and at low altitude (1000 to 2000 feet). it is then flown
‘_ to the field traffic pattern and, without changing trim, a fairly 1ong, flat straight-in
approach is made at an airspeed 20-30 knots above normal approach speed. As the
end of the runway is crossed at roughiy 20 feet altitude, power (thrust) is reduced to

| “idle.” The airplane is leveled off 2-3 feet above the runway and, as the speed

”

decreases, up elevator defiection is increased so as t¢ maintain a constant height

above the runway. Care should be exercised to avoid changes in height during this
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phase; if a rate-of-descent is set up, more up elevetor is required tc stop the
rate-of-descent and hold a given speed than would have been required to hold the
same speed at a constant height. If an aerodynamic stali does not oreﬁede
anplication cf full-up elevator, the airpiane wili settle to the runway soon after the
elevator has reached fuil-up deflection. The speed at which the airplane touches
down and the elevator force required to maintain a stick positicn just short of the
“stop” is noted. If the airpiane is not instrumented for automatic recording of
longitudinal stick force, it is normally necesss~ to make two approaches, recording
the minimum hold-off speed during one approach and the longitudinal stick force

with a hand-held force indicator during the rext.

Caution should be exercised during the later phase of the hold-off. There is a
definite tendency to neglect some of the mcre important aspects of landing an
airpiane when concentrating on the test being conducted. For one thing, the test
should not be conducted in a strong cross-wind for obvicus reasons. Further, a
touch-and-go type landing will be planned from the start of the approach, unless
runway length is extznsive, as a large portion of the runway is usually used during
ti e hold-off,

Alternate Method of Test {Geometry Limited)

The geometry of certain airplanss precludes attainment of a stall attitude during
a hold-off landing. For example, the tail of the F-B will strike the runway before
either a stali or tull aft stick is reached. In such cases, the specification requires that
longitudinal control effectiveness i ground effect be sufficient to maintain the

geometry-limited touchdown attitude in tevel flight,
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The test is performied in the same manner as tfor the nongeometry limited
airplane except that the maneuver is twrminsted when the predatermined
geometry-limited attitude (or angle of attack) is reached in leve! flighy, 1t is
aspecially important that the hold-off be performad in close proximity to the
runway (2-3 feet) for acceptable data and to prevent hard landings. After the test
pitot has reached the predetermined attitude and noted the appropriate data, he
should concentrate on making a normal touch-and-go landing or a wave off. If
automatic recording devices aie installed the ‘‘event marker” should be actuated to
denote the predetermined attitude. Longitudinal trim must remain at the initial
setting {(normal approach speed). After the final landing elevator position and force

{if the system is irreversible) required for level flight in ground effect are recorded.

NOSEWHEEL TOUCHDOWNS

The nosewheel touchdown speed is defined as the speed at which the nosewheel
touches the runway following a landing in which the elevators are held in the full up
position during the rollout. There is no specification requirement for this
characteristic at the present time; however, it is considered useful information and
worthy of investigation. It is common practice to slow airplanes equipped with
tricycle landing gears by holding the nose-up as long as possible during the landing
rollout, This creates more draa than would be present with the nosewheel on the
runway because of the higher angle of attack. By using such a technique, it is
possible to minimize the use of brakes in slowing the airpiane to a safe speed before

turning off the runway,
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Method of Test

Using the trim settings normally used during the appreach, a smooth landing is
made on the twop main wheels. The nosewheel is held off the runway by application
ot up elevator, As the full elevator deflection is attained, the airplane will nose over
and the nosewheel will contact the runway. The speed at which this occurs is the

nosewhee! touchdown speed.

NOSEWHEEL LIFT-QFF

As explained earlier in the "Ground Effect Hold-Off" section, the effectiveness
of the elevator is reduced when in close proximity to the runwav. In extreme cases,
a lack of elevator effectiveness can compromise take-off performance. For examnle,
a given airplane can produce enough lift at 95 knots to take off, provided sufficient
angle of attack can be attained. 1he elevator, however, may not be eff« :tive enough
to rotate the airplane to this angle of attack. Therefore, the airplane lifts off at some
speed greater than 95 knets. This penalizes the airplane in that a longer take-off run
is required to attain the speed nacessary to lift clear of the runway. This test is of
particular importance for carrier airplares in that insufficient longitudinal control
effectiveness will probably result in sericus nitch control problems during the

normal rotation required during c..tapult launches or bolters.

Since the speed at which the nosewheel can be lifted from the runway is
essentially the speed at which take-off attitude can be obtained, we determine
nosewheel lift-off speed and use it as an indication of elevator effectiveness in
take-off. If the nosewhee! lift-off speed is determined to be equal to or less than .@
Vmin (as defined in paragraph 3.1.8.2 of the specification), then elevator
effectiveness does not compromise take-off performance. The loading tested should
be the CG position that produces the greatest load on the nosewheel. For carrier
airplanes, elevator control effectiveness must be sufficient to nrevent an undesirabie
nose-up or nose-down pitch between the minimum catapult end-speed (as published

in the Launch Bulletins) and 30 knots above this speed.
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If the airplane is equipped with a trimmable stabilizer, or a unit harizonta! tail
(stabilator) with deflection limits which vary with trim setting, the take-off trim
used can have a profound etfect on the minimum nosewheel lift-off sneed obtained.
Increased nose-up trim will produce increased nose-up pitching moments attainable
with full aft longitudinal control deflection. The trim setting used whzar testing
airplanes equioped with tab trimmed elevators affects only the forces present during
the nin. Caution should be exercised when checking the effect of applying
additional nose-up trim, because some airplanes “break ground’’ rapidly once the
nosewheel begins to lift. For this reason, a “’build-up’’ should be emplayed, making a
series of runs at increasing nose-up stabilizer settings. The amount of nose-up
stabilizer that can be tolerated will depend upon its effect on the forces encountered
during the take-off and transition to the “‘clean’” condition. For both land and

carrier-based operations, satisfactory takeoffs should not be dependent on the use of

forces encountered during takeoff and the ensuing acceleration phase should be low
enough to be handled easily with one hand. If raising the landing gear and flaps
causes a nose-up pitching moment, the force required to overcome this pitching

moment should be considered when deciding upon the trim setting to be used,

The landing gear will usually be retracted immediately after becoming airborne.
Consequently, it a push torce is encountered during the initial acceleration after
take-off and a push force results from retraction of the gear, the combined forces
will be additive. While the longitudinal trim setting used is optional, it must be held
constant throughout the take-off run and subscquent acceleration to VmaxTO {as
defined in naragraph 3.1.8.1 of the specification). Normally it will be a setting which
will give zero stick forces just after becoming airborne and will result initially in a
pull force (if the airplane has positive stick force stability), which wiil lessen

throughout the take-off run,

1V-202

L—
L
t. =

~x



This test should be conducted only on a smooth runway as nose-up pitching
moments applied through the nosewheel strut can cause the nosewheel to lift off
prior to attaining a speed at which the elevator effectiveness is sufficient to rotate
the airclane. Rapid application of nose-up elevator contrel should also be avoided. A
careful check of inflation of the nosewheei strut should be made to insure that the
prescribed pressure is used. Usually this test is conducted as a matter of course
during each take-oft; i.e., usually flights are not exclusively devoted to determining
the nosewheel lift-off speed. Aithough the forces encountered during the take-off
are of interest, unless the airplane is provided with a means of automatic recording
of longitudinal control forces and speed, the most that can be hoped for are the
forces at nosewheel lift-off, take-off, and VmaxTo plus, of course, qualitative

comments as to the acceptability of the forces.

The airplane, loaded at the forward critical CG loading, is aligned with the
runway heading and take-off power {or thrust) is applied. With the stick heid in the
full aft positicn, the brakes are released, The speed at which the nosewheel leaves
the runway is noted and the run is aborted or a take-off is accomplished. If it is
decided to continue the take-off, a normal take-off attitude should be established
after the nosewheel lift-off speed is noted. Recent experience indicates that it is
possible with full-up elevator to hold certain airpianes in nose-up attitudes which
preclude effecting a take-off due to drag effects. Caution must be exercised in some

airplanes to prevent damage to the aft fuselage or tail section by overrotation.

THRUSTLINE LFVEL

This test is the nosewheel lift-off test’s opposite number for determining
elevator effectiveness during the take-off run of airnlanes equipped with tail wheel

type landing gear. Because there is less drag present with the thrustline level than in




a “‘three-point” attitude, acceleration will be greater during take-off if the thrust line
is level. Further, the distance required to take off is directly related to the
acceleration. This leads to the conclusions that the initial phase of a minimum
distance take-off should be m de with the thrustline level, And, in a majority of
cases, this is true. The normal technique used is to raise the tail wheel as snon as the
elevator effectiveness permits and then acceierate with the thrustline level until the
take-off speed is approached. At this peint, the stick is eased to the rear in such a
manner as to reach a “three-point’ attitude simultaneously with attaining take-off
speed. Therefore, the ability of the elevator to raise the tail to a thrustline level
attitude and the speed at which this is possibie is of interest since it affects take-off

performance.

In the nosewheel lift-off test, ground effect lessened elevator effectiveness, The
converse is true in this test where the increase in o4 due to “ground effect” aids the
elevators in lifting the tail. As would be expected, the critical loading is the normal
service loading that provides the greatest tail heavy moment. It should be pointed
out that CG position alone does not define this condition. Loadings are possible
wherein the effect of increasing weight predominates over CG position. For
example, a lightweight, aft CG position loading will probably not cause as great a
weight on the tail wheel as a much heavier loading will, at a CG position slightly
forward of the light loadina CG nosition, The longitudinal trim setting is optional,
but should be a setting which does not result in excessive forces during the take-off
run or immedijately after becoming airborne. As in the nosewheel lift-off test,
trimmable stabilizers can be adjusted so as to provide a noss down pitching moment

50 long as the elevator forces encountered during take-off are not excessive.

1v-.204
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Method of Test

The pilot aiigns the airnlane with the runway heading and locks the brakes. The

flans are extended to the optimum take-off position and the power is increased until

the tail wheel is just lifting from and returning to the tunwav surface. As much
power should be applied as possible, without the risk of nosing over. (If the airplane

begins such a maneuver as the power is increased, release the brakes immediately. As

you will find out from running this thrustline level test, it is impossible to nose an
airplane over, even with full forward stick and full power applied unless the brakes
are used.) Next, the brakes are released, take-off power is applied, and the stick is
eased to the full forward position. Remember the order in this sequence of events;

first, release the brakes; second, apply full power; third, ease the stick full forward.

RO 9 N

Full forward stick position is maintained until the thrustline is level. The indicated

airspeed is noted and the force required is determined. The test should be repeated

@,

until reliable data is obtained. The major problem is that of determining when the
thrustline is level. 1t is recommended that a given nose attitude be arbitrarily chosen
as the equivalent of thrustlin~ level, This is the only way that repeatable data will be

obtained unless an outside observer transmitting a “‘mark’’ is utilized.

Investigation of the effectiveness of the speed brakes is ~ ~ - '‘tative task. Speed

brakes can be used for airplane deceleration, dive speed limitation, allowing higher

T Ty —v-I— e Lt erak il St
PRI E‘..'-.'. P -.n- el T

ﬁ- engine speed during penetrations and aoproaches, etc. The particular functions
F‘ desired from the speed brakes will depend on the airplane’s mission. A thorough iest
- plan encompassing all possible uses of the speed brakes should be formulated. In
P

E , general, for the particular airplane mission, the sneed brakes should be s'ifficient to
: provide adequate control of airspeed, flight path, ete. at any flight condition within
L_ the Operationa! Flight Envelope.

o
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N INAL CONTROL FORCES IN DIVE

The purpose of this test is to determine the magnitude and rate of change of
longitudinal control forces in dives to maximum airspeeds and the ease with which

these forces can be maintained near zero by retrimming.

Method of Test

The airplane is trimmed for VpRT {level flight) at high altitude. Without
changing power, a dive is entered so as to reach maximum operational airspeed at a
low altitude. The maximum longitudinal control force required at maximum
operational airspeed is noted, During a similar dive, the ability of the pilot to keep

longitudinai control forces near zero by retrimming is determined.

LONGITUDINAL (RIM SYSTEM EFFECTIVEN ND FAILURES 'é -

' -'ft:;: The purpose of this test is to determine the capability of the longitudinal trim
systemn to reduce control forces to zero at all operationai airspeeds. Longitudinal

trim system failures should also be investigated.

- .‘:. Rﬂntlhnrl rf Tact
e INGE GY L 5%

The airplane is flown from minimum airspeeds to maximum operational
airspeeds in all configurations, and the ability to tim the longitudinal control forces

- to zero is evaluated.

Trim system failures are simulated at representative operational airspeeds by
running the longitudinal trim in the nose-up and nose-down diraction until full
contro!l deflection is reached, excessive control forces are required, or the maximum

trim travel limits are reached. The controllability of the airplane is then evaluated.

Y AN
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INTRODUCTION

The investigation ¢f lateral-directional stability and control involves the study

of characteristics exhibited in the airplane’s planes of asymmetry. These planes of

asymmetry divide the airplane into unsymmetrical parts and contain components of

motion only along the Y axis and about the X and Z axes (see Figure 1).

. FIGURE |
AIRPLANE AXiS SYSTEM AND PLANES OF ASSYMMETRY

Adrplane motion in the vianes of asymimy iy or {ateradi-airectionai motion

generally results in some motion in the plane of symmetry or lgngitudinal motion.

Foi part of the stUdy of lateral-directional fiying qualities, this longitudinal motion
wiill be considered fairly insignificant. However, in some flight conditions,
lateral-directional motion can generate significant longitudinal motion and vice

versa, These conditions will be discussed thoroughly in a subsequent section.




LTI €T R e s

Lateral-directional flying qualities must be investigated from equilibrium and

noneauilibrium flight conditions. From equilibrium conditions, the static

lateral-directionai characteristics may be determined. These characteristics are:

1. Variation of directional control forces and rudder positions with sideslin
angle in steady heading flight at a constant trim airspeed (static directional

stability characteristics).

2. \Variation of lateral control forces and aileron positions with sideslip angle
in steady heading flight at a constant trim airspe.d {static lateral stability

characteristics or dihedral characteristics).

3. Variation of bank angle with sideslip angle in steady heading flight at a

constant trim airspeed (sideforce characteristics),

Dynamic lateral-directional flying qualities are investigated from
nonequilibrium flight conditions. This requires study of the characteristics of the
three lateral-directional modes of motign - the Dutch roil mode, the spiral mode,
and the roll mode - which are suppressed in equilibrium flight. Two of the
lateral-directional modes differ from the longitudinal modes in that the pilot doas
noi usuaily deliberaiely exciie the Duich roii or spirai modes. Excitation of these
modes is not required to maneuver the airplane under n¢ mal flight conditions,
However, the Dutch roll and spiral modes are continually inadvertently excited by
the pilot or by external perturbations. Therefore, the characteristics of these modes
greatly affect the pilot's opinion of the airplane during all phases of mission
accomplishment. During certain special flight conditions, such as flight with
asymmetric power or landing with a crosswind; the pilot may deliberately utilize the
Dutch roll mode to generate sideslip changes in order to maintain steady heading
flight. Since the Dutch roll mode is a second order response generally involving both
lateral and directional motion, the characteristics of this mode to be investigated
are:

V-2
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f. Frequency or period of the motion.
2. Damping of the motion or lack of it.

3. The relative magnitude of the lateral part of the motion to the directional

part of the motion, or simply, the “roll to yaw ratio.”

4. The degree of excitation of the Dutch roll mode during uncoordinated,

aileron only turns.

Since the spiral mode is a first order motion which may bhe convergent,

divergent, or neutral, the characteristics of this motion to be investigated are:

1. The nature of the motion; i.e,, whether it is divergent, neutral. or

convergent.

2. The time required for the amplitude of the first order motion to double or
half.

Obviously, the pilot will deliberately excite the roil mode in order to make
bank angle changes required in all phases of mission accomplishment. Characteristics
of the rolil mode have a significant influence on the pilot’s opinion of the airplane.
The roli mode is an essentially first order response and is usually heavily damped.

Therefore, the characteristics of the roll mode to be investigated are:
1. The roli mode time constant.
2. Steady state roll rates obtainable with various lateral control inputs.

3. The nature and amount of yawing motion generated during rolling

maneuvers.




The pilot's opinion of lateral-directional flying qualities depends on all the
static and dynamic characteristics mentioned above plus the characteristics of the
lateral-directional contro: system, In addition, other parameters influence
lateral-directional fiying qualities because of inseparable interaction phenomenon, '
such as roll response to a directional control input, and yaw response to a lateral
contro! input and roll rate. Therefore, it is not possible to state which of the
aforementioned characteristics are dominant in a particular flight condition, They
are all important to varying degrees and mwust all be investigated to determine their
influence on every piloting task. in the interest of sirnplicity, lateral-directional

flying qualities will be presented in four sections:
1.  “Normal’ lateral-directional fiying qualities.
2. Rolling performance and roll coupling,
3.  Asymmetric power.
4. Miscellaneous lateral-directional tests.

Lateral-directional stability and control characteristics profoundly affect the
pilot's ability to perform both maneuvering and nonmaneuvering tasks required in
mission fulfillment. Satisfactory lateral-directional characteristics allow the pilot to
trim the airplane easily and simply, maneuver the airplane safely and precisely
without excessive effort, and maintain adequate control of the airpiane under all
possible operationa! flight conditions. Thus, mission tasks can be performed safely,

simply, and precisely, and overall mission effectiveness is correspondingly enhancad.




THEORY
NORMAL LATERAL-DIRECTIDNAL STABILITY AND CONTROL

STATIC LATERAL-DIRECTIONAL STABILITY AND CONTROL

1t is now necessary to study the stability characteristics of the airplane when its
flight path deviates from the plane of symmetry. This means that the relative wind
will be making some angle to the airpiane’s plane of symmetry; this angle is referred
1o as the sideslip analg, B (see Figure 2). The angle of sideslip differs from the angle
of attack in that it lies in a differant plane and its action is quite different. Angte of
attack cdetermines the airplane’s lift coefficient and, therefore, its airspeed (fcr
unaccelerated fiight conditions) or normal acceleration {at a constant airspeed).
However, sideslip is generaily qx;lite useless to the pilot, 1t can be used to increase
drag and increase rate of descent during landing, or it can be used to make airclane
heading the same as sunway heacing during crosswind iandings, or it carn be used 10
ease the pilot's woerkload during flight with asymmetric power, etc. Nevertheless, it
can be stated that, in genvral, it is advantageous t0 maintain zero sideslip in almost
alt flight conditions. Therefure; the problem of directionai stability and conteol is to
insure that the airplane tends to maintain zero sideslip and to insure ™1t the pilot is
provided a suitable means of gpntrolling sideslin during maneuvers that wend to

produce sideslip, or during mansuvers in which he wishes to deliberately inauce

sideslip.




--------

RELATIVE VWIND

SiDESLIP ANGLE, B

FIGURE 2
THE SIDESLIP ANGLE

Obviously, the pilot must also be provided with satisfactory control of the
airplane’s angle of bank, ¢, this contro! is necessary to provide a force to accelerate
the flight path in the horizontal plane, ie., to turn the airplang. A subsequent
section on Rolling Performance will discuss thoroughiy the subject of lateral control.
However, since sideslin generally induces a rolling moment, it is necessary to
introduce here the concept of dihedra! effect or lateral stability. This is really not a
siaiic stability in the wue sense of the term since the Toiling moments cr
not a result of bank angle but are a result of sideslip. However, dihedral effect has a

significant infiuence on the pilot’s opinien of the airplane’s laterai-directional flying

qualities.

V-6




-

IVRIFNTIV I YN

In order to discuss the theory of lateral-directional flying qualities, it is *
necessary first 1o develop some terminology which will permit a complete
description of the forces and moments acting on the airplane duriiy any maneuver

that involves sideslip. i

Lateral-Directignal Terminglogy.

The angle of sideslip, R , is equal of the arcsin (V/V) or for small angles
encountered in normal flight, 3 = V/V (Figure 3). The sideslip angle is arbitrarily
given a positive sign vthen the relative wind is to the right of the geometric
longitudinal axis of the airplane. The angle of yaw, i, is defined as the angular
dispiacement of the airplane’s geometric longitudinal axis in the horizontal plane
from some arbitrary direction taken as zeru at some instant of time. Note that for a
curved flight path, yaw angle does not equal sideslip angle. In a 360 degree turn, the

G‘ airplane yaws through 360 degrees but may develop no sideslip during the
maneuver if the turn is perfectly coordinated. If the airplane is sideslipped 1o
maintain a straight path, the angle of yaw is equal in magnitude but opposite in sign

to the angle of sideslip, v

Fueat path  x, o8 B
FLIGHT PATH
ARBITRARY DIRECTION X ¥ ¥ n=d

AT SOME INSTANT
OF TIME _

v \eH/}

!

CG6

V= VELOCITY OF THE AIRPLANE TANGENTIAL
TO THE FLIGHT PATH AT ANY TIME

v = COMPONENT OF V ALONG THE Y AXIS OF
THE AIRPLANE -

CURVED FLIGHT PATH STRAIGHT FLIGHT PATH
FIGURE 3
SIDESLIP ANGLE AND ANGLE OF YAW
V-7




.........

Considerable confusion can arise if the terms sideslip and yaw are
misunderstood. In this manual, sideslip will always be used to describe the angle
generated by the relative wind not being perfectly aligned with the airplane’s -
geometric longitudinal axis in the XY plane.1 However, the term yaw wili also be
used in describing rates and moments in many cases. This is necessary since, for
instance, the airplane can exhibit a yaw rate with zero sidesiip or can have yawing
moments generated at zero sideslip. With the meanings of sideslip and yaw in mind,

other lateral-directional stability derivatives may now be developed.
Lateral-Directiongl Stability Derivatives Sideforces and Sideforce Derivatives

Whenever a sidesiip angle is imposed on the airplane, sideforces are developed
by the fuselage, wings, and the vertical tail. The main contributions come from the
fuselage and the vertical tail. Wing interference with the flow of air over the
wing-fuselage combination makes the estimation of the sideforce due to the fuselage e_

alone very difficult. The portion of the sideforce that is due to the vertical taii is

more predictable (Figure 4),

'8

X
RELATIVE WIND

B,=SIDESLIP ACTING OM
VERTICAL TAIL

o= SIDEWASH ANGIE CALISED
BY WING TIP VORTICES AND
FUSELAGE - TAIL INTERFERENCE.
SIMILAR TO DOWNWASH ANGLE
——ay  FOR LONGITUDINAL CASE.

B Yg: SIDEFORCE GENERATED BY
VERTICAL TAIL /" AN ANGLE
OF SIDESLIP, 8,

FIGURE 4
GENERATION OF SIDEFORCE DUE TO SIDESLIP BY THE
VERTICAL TAIL

1Sideslip is invariably used to describe this angle in flight test work, However, yaw is
aimost invariably used in wind tunnel work and in many theoretical works to

describe the same angle.




C
Vertical Tail Contribution, \Bv_or Y8y, When the airplane is subjected to a

sideslip angie, 3, the vertical tail is subjected to a sideslip angle, Bv, which is

generally less than 3 because of the sidewise inflow of air which occurs prior to the -

airflow impinging on the vertical tail. Thus, the vertical tail develops a force which is

directed sideways with respect to the airplane. The magnitude of this sideforce may

be expressed as:

where: ay

Qv

B
v

vV Vv

lift curve slope of the vertical tail, a vertical tazil

design parameter,

airplane sideslip angle.

sidewash anyle, a measure of the change in direction
of the relative wind in the XY plane due to
interference from airplane components, best

determined from wind tunnel studies.

dynamic pressure at vertical tail in pounds per scuare

foot.

area of the vertical tail in square feet,

V-9
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The sign of the sideforce created by the vertical tail is negative since the sign

convention utilized in this manual is that forces acting out the right wing of the

airplane are positive. Thus, since positive sideslip generates vertical tail sideforces .

acting to the left, Y(?.v carries a negative sign. Similarly, the nondimensional

derivative form, CVBV, also carries a negative sign and may be expressed as follows:

S
€ wcay (1 -3 n &
y. = - -
5, v g’ v s,
where: . = vertical tail efficiency factor, L, where q is free
stream dynamic pressure.
Sw =  area of the wing in sauare feet.

Sideforce Due to Roll Rate, Yp or CVQ. A sideforce is developed at the veriical
tail whenever the airplane is rolling. As the airpiane rolls, every point on the vertical
tail that is not on the rolling axis is subjected to a side velocity. This side velocity
creates a sideslip at the vertical tail, even though the airplane may have zero sideslin
(Figure 5). This contributior, called sideforce due to roll rate, Yp, is generally smali
unless the airplane has a very high vertical tail. It carries a neg;ative sign, since a

he left.1 Similarly, the

nondimensional derivative form,Cyp, also carries a negative sign.

1This is the “right hand rule’ convention. !f the right hand is placed along the
airplane axis under consideration such that the thumb points in the positive
direction, the fingers of the hand will curl in the positive rotational direction.
Pos:tive axis directions are defined as (from the airplane CG) toward the right wing,

ferward, and down.
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FREE STREAM

RELATIVE WIND a

RELATIVE WIND AT
VERTICAL TAIL

__-SIDE VELOCITY GENERATED BY :
AIRPLANE ROLLING — TO THE RIGHT
IN THIS EXAMPLE

o

e

SIDEFORCE OUE TC
ROLL RATE, Yp

FIGURE 5

GENERATION OF SIDEFORCE BY THE VERTICAL TAIL DUE
TO ROLL RATE

C
Sideforce Due 1o Yaw Ra;g_,_Yr or _Yr, Whenever the airplane exhibits a yaw

Y

rate, r, another sideforce is developed. This sideforce, "r, is developed as a rosult of

side velocity due to the yaw rate (Figure 6). The sideforce due to yaw rate is

generally fairly small. The vertical tail and other surfaces aft of the CG develop a

positive Yr or Cyr; areas forward of the CG develop a negative Yr orC

Y

Yy The
vertical tail contribution is generaliy dominant, therefore, ' and G\/r usually carry a

positive sign.
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- FREE STREAM
B, | 5 RELATVE WIND

SIDE VELOCITY
GENERATED BY | RELATIVE WIND AT
YAW RATE, r ARPLANE YW/~ | VERTICAL TAIL

NG - TO THE

N RIGHT IN THIS
—/

[\ - CASE

SIDEFORCE DUE
TO YAW RATE, Y,

SIDEFORCE DUE
TO YAW RATE, Y,

FIGURE 6
GENERATION OF SIDEFORCE DUE TO YAW RATE

. .Y CY5 .
Sideforce Due to Rudder Deflection. °r or °c. A deflection of the rudder :-.\

~s

control surface makes the vertical tail-rudder combination a cambered airfoil. This
generates a sideforce from the wvertical tail (Figure 7). The magnitude of this

sideforce, Yér, may be expressed as follows:

where: v = rale of change of effective tail sideslip angle with
rudder deflection, sometimes written dR,/dS, . Itis a
function of the ratio of the area of the rudder to the
aea of the entire vertical tail; for the all-moveabie
vertical tail, 1, = 1.0.

3¢ = rudder surface deflection.
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FIGURE 7
GENERATION OF SIDEFORGE DUE TO r~UDDER DEFLECTION
The sideforce due 1o rudder deflecthun carmias a positive sign, since trailing edge

lefv rudder uetlection, considered positive rudder «eflection, generates a sideforce
@-“ acting towrd the right. Similarly, ihe nondimensiona derivative form, VG,, also

carries a positive sign and may be exgressed as follows:

c
w! tn
£ ie

Sidefarce yue 1¢ Caa \.'i];y,‘”.’_MSL_@Whenever the a:-piane is banked, there
is a gravitational component u! sideforce. Tne magritude of this sideforce is
dependent on the agnitudas 4f the bane angle and the weight vector of the
airpilane. |1 is the projaection of the weight vector on the Y axis ot thz airnlane
(Figure 8) and rnav be expressec as W sin ¢ or mg sing .1 In nondimensional form
for “emal'” bank anyg'~<". it may al.o be expressed as CL ¢ Since the gravitational
ccmponent of siageforce acts through tH.e airnlane CG, it generates no roiling cr

yawing momeiits.

TWhers W is the weight of the airplane, . is the mass, and ¢ 1s thc bank angle.
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FIGURE 8
_-@-Q GRAVITATIONAL. COMPONENT OF SIDEFORCE DUE TO BANK ANGLE
. " Cy
Sideforce Due to Lateral Control Deflection, 63 Qr 63. If the lateral control

- devices are located close inboard on the wings, their deflection may disturb the

airflow around the fuselage enough to generate a sideforce. in supersonic flight,

shock wave formation due to lateral control deflection may cause a similar efect,

. This sideforce is gerierally very small and, therefore, is usually neglected.
ﬁ I \-Directional Gtability Derivati - Rolli
M ateral Stabili ivati

c
Rolling Moment Due to Sideslip, Dihedral Effect b3 or ~£& Whenever a sideslip

angle is imposed on the airplane, rolling moments are generally developed as a direct
result of the sideslip. This rolling moment due to sideslip is called djhedral effect.
Ditiedrai effect is generally referred to as beiny positive if the airplane tends to roll
Y in a direction opposite to the imposed sideslip. However, the sign o the moment,

C . e e s ,
LB or riondimensional derivative, l[—;, is negative for “positive’’ dihedral effect since

a positive (right) sideslip angle would result in a negative (left) rotling moment.

Dihedral effect is rnainly influenced by geometric wing dihedral, wing sweep, wing




placernent on the fuselage, ~~d vertical tail height, as well as power for

propeller-driven airplanes, and flap deflection if the flap hinge line is swept. If the

L airplane exhibits a positive wing dihedral angie, T (tip chord above the root chord), -
,_! the airplane tends to roll away from any sideslip which is developed because the
i : forward wing is subjected to a higher effective angle of attack than the trailing wing
(Figure 9). Thus, positive geometric wing dihedral contributes to positive dihedral

I " effect.

ROLLING MOMENT , bt

‘ ) NG /
: LEFT SIDESLIP ANGLE 0
. ZERO BANK ANRGLE
§f VIEW LOOKING DIRECTLY ALONG
RELATIVE WIND VECTORS ;
RELATIVE WIND
HIGHER EFFECTIVE ANGLE OF ATTACK B
ON LEFY WING
' TOP VIEW
FIGURE 9
ROLLING MOMENT GENERATED BY SIDESLIP AND GEOMETRIC
p DIHEDRAL
Wing sweepback tends to contribute to positive dihedrai effect since the
i forward wing’s effective sweep angle is reduced and tha trailing wing'c gffective
K sweep angle is increased (Figure 10). Neglecting compressibility effects and assuming

that the airplane is not operating close to its stall angle of attack, the lift coefficient




on the forward wing is thus increased and the lift coefficient on the trailing wing is

decreased. 1 Therefore, wirg sweepback contributes to positive dihedral effect.

Additionally, dihedral effect of the airplane with swept wings is directly related to

lift coefficient (Figure 11). Airplanes with sweepback wiil exhibit increasing positive
dihedral effect with increasing lift coefficient; these airplanes may tend to have

excessive positive dihedral at low airspeeds.

\
B
RELATIVE WING
VECTORS
MEMT WG
& EFFECTIVE SWEEP ANGLE
LEFT WING IS REDUCED
EFFECTIVE SWEEP ANGLE €IS INCREASED

IS INCREASED

CLiS REDUCED

ROLLING MOMENT
NO COMPRESSIBRITY EFFECTS

adc< a

STALL

FIGURE 10
ROLLING MOMENT GENERATED BY SIDESLIP AND WING SWEEP

1See Figure 3, Page of the “"STALLS" section.
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TYPICAL VARIATION OF DIHEDRAL EFFECT WITH LIFT
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Interference effects between the wing, fuselage, and vertical tail influence the

airplane dihedral effect; however, the influence is bothersome and difficult to

effect, a mid wing design has negligibie influen. 2, and a low wing design tends to

decrease dihedral effect (Figure 12).
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e 4
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FIGURE |2

GENERAL RELATIONSHIPS BETWEEN WING PLACEMENT
AND EFFECTIVE DIHEDRAL
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The vertical tail can contribute to the dihedral effect if it is located above the
airplane’s center of gravity. This contribution is quite easily computed from the
sideforce created by the vertical tail when sideslip is imposed on the airplane (Figure -
I 13). Since positive sideslip generates a rolling moment from the vertical taif which
tends to roll the airplane in the direction opposite to the sideslip, the vertical tail
contributes to positive dihedral effect. The magnitude of this rolling moment

contribution may be presented as follows in nondimensional derivative form:

Cop =-a, (1-5yn ok
g v dg Vg b
v W
where: Z, = Vertical distance between center of pressure of the
vertical tail and airplane center of gravity in feet.
l b =  airplane wing span in fect. (b appears in moment Q;’;

relaticnships in order to nondimensionalize the

moment derivatives).
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FIGURE 13
INFLUENCE OF VERTICAL TAIL ON DIHEDRAL EFFECT
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The influence of power on dihedral etfect is apparent conly iV the airplane is
enuipped with one or more reciprocating or turboprop engines. This influence arises
because of the displacement of the propellet slipstream in a sideslip, resititing in one -
wing being immersed in the slipstream to a greate: extent than the other (Figure 14),
This tends to cause the airplane to roll in a direciicn toward the sideslip; thus power
tends to cause negative dihedral effect in propeller driven airplanes. This power
influence is targest in full-powsr, low-airspeed flight conditions wheie the ratio of
siipstream velocity tc free stream velocity is the greatest. The “‘destabilizing”
influence of power on dihedral effect may be extremely pronounced with inboard
fiaps extended, since the flap on ope wing will be immersed in the slipstream mcere
than the flap on the other wing. 1f the flap hinge line is swept forward, the

contribution toward negative dihedral effect is increased (Figure 14).
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OS‘SIBLE INFLUENCE OF POWFR AND FLAP DEFLECTION OM
DIHEDRAL EFFECT
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Rolling Momenit Due to Yaw Rate, Ly or 4 A rolting moment is generated if
r L

the airplane is yawing; this is the “roll due to yaw rate,” “r,or in nondimensional

c : . I
derivative form, . This rolling moment is composed of contributions from the -

vertical tail and the wing. When the airplane is yawing, a sideforce is developed by
the vertical tsil (see Figure 6). A positive (right) yaw rate, r, generates a positive
(right) rolling moment contribution from the vertical tail. The left wing of an
airplane yawing to the right advances intc the air slighdy more rapidly than the right
wing. As & result, the left wing develops slightly more lift, which generates a rolling
moment to the right. This rolling moment is proportional to lift coefficient, C| , and
the magnitude of this contributiun increases with decreasing speed. A
positive yaw rate gencrates a posiiive rolling moment contribution from
the wing. Thus, both the vertical tail and wing contribute positively to the
rolling moment due to yaw rate. Therefore, Lr and Clr carry positive

signs.

L Cq
Rolling Mement Due to Rudder Deflection, % or_"Sr. A defiection of the

rudd2r produces a sideforce as shown earlier in Figure 7. This sideforce generates a

roliing moment which may be expressed as follows:



-l

w TvwYTY Ty

Y/

v R A ket e
,T T N -

RN

~ .

Y W W T SR T e TR TR TR ST Ta e

R O A

As shown in Figure 15, a positive rudder deflection generates a positive roiling
moment, therefore, Lér and ngr carry positive signs. If the airplane has a very

high vertical tail, this derivative can be substantial.

TRAILING EDGE LEFT
RUDDER DEFLECTION

Y
8,

__

ROLLING MOMENT, L5'= Yarzv

FIGURE 15
ROLLING MOMENT GENERATED BY RUDDER DEFLECTION
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Rolling Moment Due to Lateral Control Deflection, Ya or Sa, From the

previous discussion, it can be arqued that the pilot can maintain control over bank
angle by use of simple rudder contrcl. However, this method is not practica! because
of the lack of precision of control and, in many instances, lack of any bank angle
control at all by use of the rudder, Yherefore, the major nieans ot centroiling rolling
moments and bank angle is through the use of lateral contrul devices - allerons or
spoilers or & combmation of the two. The ailerons on eack wing deflect
asymmetricaily, thercby so alfering thoe spanwise load distribution thaet a roiling

moment is created (Figuie Y8} Wing spoilers act in a similar manner.
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m NO LATERAL CONTROL INPUT

y RIGHT LATERAL CONTROL INPUT
5 LEFT AILERON ~ TRAILING EOGE DOWM

RIGHT AILERON - TRAILING EDGE UP

Ly a
TOP VIEW
FIGURE 16 e
GENERATION OF ROLLING MOMENT FROM AILERON DEFLECTION 3

The magnitude of the rolling moment due to aileron deflection,Lﬁa , or the laterai
C
control power coefficient, 2'63, may be evaluated by the strip integration method

(Figure 17) and expressed as follows:

Y 2 N
L - a 1 cydy
y N
: Q} )
-2a 1_n Y2
(Q . a3 a cydy
o S
a w Y1
where: t = rate of change of effective wing angie of attack with
aileron deflection,
6q = aileron deflection, right wing trailing edge down
considered positive.
¢ = wing lo~al chord.
ng = aileron efficiency factor, 92 where q is freestream

q
dynamic pressure.
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STRIP INTEGRATION FOR Ly AND Ci,
Q

- The sign convention used here is such that right wing trailing edge down aileron is ‘A
considered positive aileron deflection, and this aileren deflection generates a rolling

moment in the negative (left) direction, L% and C’?’%normally carry negative signs.

Rolling Mement Due to Roll Rate, Ro!l Damping.bp or Cop. Asthe airplane

roiis, a maoditied wing iift distribution wiil be created that is a function ot the rolling —
G velocity, p. On the downgoind wing, the effective angle of attack is increased, on the
upgoing wing, the effective angle of attack is decreased. The resuitant changes in lift
distribution generate a rclling moment, lp, which opposes the rolling moment due
to aileron deflection, Léa (Figure 18). In rolling maneuvers, it is this opposing
rolling moment, Lp, which determines the final steady state roll rate for a given
aileron deflection. Therefore, Lp and the nondimensional derivative formcilp are
commonly referred to as “roll damping’” or ““damping in roll.”” It can readily be seen
that roll damping depends almost exclusiveiy on wing design parameters such as lift
curve slope and wing span, however, a high vertical tail can have some contribution.
Since roli damping usually acts to oppose the rolling moment generated by lateral
control deflzction, Lp andclp generally carry negative signs. If the airplane is flying
at low airspeeds near stall, an increased angle of attack on the downgoing wing may
stall that wing. This causes CJZ'p to become positive and the wing wil! “autorotate’” !

unless carrective action is taken by the pilot.

1Uncontrclled rolling motion, as in a spin,

Vv-23
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CHANGE IN LIFT DUE TO ROLL RATE
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FIGURE (8
GENERATION OF ROLL DAMPING

Lateral-Directional Stability Derivatives - Yawing Moments and_Directional
Stability Derivatives

ideslip, Directional Stability, ¥ Cng Whenever a
sideslip angle is imposed on the airplane, yawing moments are generally developed as
a result of the sideslip. If the yawing moments tend to reduce the imposed sideslip
angle, the airplane exhibits directional stability or “weathercock stability.”” The
strength of this directional stability is one of the most important characteristics of
the airplane. The main contributions to this characteristic come from the fuselage,
nacelles, and the vertical tail. The wing contribution is usually negligible since a
sideslip angle creates only very small sideforces on the wing. However, the

sideslip are
usually significant and unstable. The vertical tgii must be designed to offset the
destabilizing fuselage-nacelle contribution and provide some level of directional
stability for the airplane, The contribution of the vertical tail to the yawing moment
due to sideslip is usually very powerful and is generated as & result of the sideforce

created by the vertical tail (Figure 19). This contribution Nﬂv may be expressed as:
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or in nondimensional derivative form:

~ ﬂ, S R,
C C v do
n = - — = - — — —
B, b, B a -, 5 5
w

where: %, = horizontal distance between center of pressure of the

vertical tail and the airplane center of gravity in feet.
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FIGURE IS

CONTRIBUTION OF THE VERTICAL TAIL TO DIRECTIONAL
STABILITY

The airplane’s total yawing moment due to sideslip, or directional stability, is

the sum of the contributions from the wing, fuselage, nacelles, and vertical tail:
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If ("HB is positive, i.e., positive sideslip generates a positive yawing moment, the

& airplane is directionally stable. Obviously, Nﬁ and CnB normally carry positive signs.

The running propeller can have large effects on the airplane directional
stability. A sideforce is generated as a result of the airflow passing through the
! propeller disc at a sidesiip angle. This effect is sometimes called the “propeller fin
- effect.”” From a study of Figure 20, it may be rationalized that the effect of
R propeller operation on directional stability depends on the location of the propeller
B with respect to the airplane CG. If the propeller is positioned ahead of the CG,
‘ propeller effects are destabilizing, The influence of jet engine cperation on

directional stability is the same.
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PROPELLER POWER INFLUENCE ON DIRECTIONAL STABILITY '
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Yawing NMioment Due to Yaw Rate, Yaw Rate Damping.Nr_or "r, The

sideforces created when the airplane is yawing about its CG with some yaw rate, r,
generate yawing moments which generally tend to oppose the motion. This “yaw
rate damping’* or ““damping in yaw’' derives most of its magnitude from the vertical -
tail. The vertical tail is subjected to a sideslip angle, Bv, due to yaw rate even If the
airplane sideslip angle is zero 1 (see Figure 8). The resultant sideforce generates a
yawing moment, N, which opposes the yawing motion (Figure 21). The magnitude

of the yaw rate damping contribution from the vertical tail may be expressed as
follows:

C ) 8(,n SV gvz
" 7.7, T -Zav 5 T3
v 3[-27) w b
where: Ib js called the ““nondimensional yaw rate.”
yAY
V = true airspeed.

{(Note that vertical tail “arm length,"zv, has a powerful influence on the magnitude

of the yaw rate damping.)

Yaw rate damping is increased through a wing contribution particularly at high
lift coefficients. This contribution arises because the “‘outer’” wing is traveling
forward at a slightly higher airspeed than the wing to ihe inside of the turn., The
outer wing therefore develops more profile and induced drag, which generates an

additional yawing moment opposing the yaw rate.

1This situation is approached in a perfectly coordinated turn.




............

YAV RATE
4

N

d [\/cc

v

]
Ye
——-/:F Ve by

F FIGURE 2
GENERATION OF YAW RATE DAMPING FROM THE VERTICAL TAIL

&

. C . e .
Yaw rate damping, N, or "Ny, normally are negative quantities since their

action is in oppaosition to the established yaw rate,

o

Yawing Moment Due_to Rudder Dgflgg,‘;'ggn,N5; Q[Cn‘sr_. The sideforce Q.,
generated at the vertical tail due to rudder deflection produces a yawing moment
about the airplane CG (Figure 22), The magnitude of this yawing moment is a
! measure of the rudder effectiveness or “rudder control power.” The yawing moment

due to rudder deflection may be stated as.
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F N(‘ir and "5r normally are negative quantities since a positive (trailing edge

l left) rudder deflection generates a negative yawing moment.




/AIRPLNE (o]
&—-—p
Qv

Yar ,[l

/
st yd
" Ny = - Yy 4,
FIGURE 22
YAWING MOMENT DUE TO RUDDER DEFLECTION—RUDDER POWER

c
- Yawing Moment Due to Lateral Control Dgflggtigrl,N(Sa or _Sa. The lateral

control surfaces - ailerons and/or spoilers - usually generate yawing moments

when deflected. If the yawing moments created act so as to rotate the nose of the

airplane opuosite to the direction of roll, the yawing moment is termed “adverse.” If
the yawing moments act so as te rotate the nose in the same direction as the roll, the
yawing moment is termed ‘“‘proverse,” (These terms do not, in themselves, devote
r- unfavorable or favorable flying qualities. In some cases, adverse yaw contributes
more to good flying qualities than proverse yaw!) For airplanes equipped with

ailerons, the yawing moments created with aileron deflection are usually adyerse.

I;-‘ This is due to an increase in drag due to the increase in lift on the wing with the

f". aileron trailing edge down and vice versa (Figure 23). The yawing mement due to
! F aileron deflection, Nda or, in nondimensional derivative form, C"éa, will be positive
if the yawing moment is adverse. (Right aileron trailing edge down is positive: left
L

roll is generated; if yawing moment is advarse, a right (positive) yawing mc ment

[aAL) Y

results.)
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FIGURE 23

GENERATION OF ADVERSE AILERON YAWING MOMENT

For airplanes equipped with spoiler type lateral control devices, the yawing

moment due tc lateral control deflections may be proverse or adverse, This is

because spoilers generate changes in profile drag as well as induced drag. If the
changes due to profile drag are predominant, the yawing moments due to spoiler
deflection are proverse; if changes due to induced drag predominate, the yawing
moments are adverse (Figure 24). Therefore, at high airspeeds, spoilers tend to
generate proverse {negative) yawing moments, while at low airspeeds, spoilers tend

to generate adverse (positive) yawing moments.

For airplenes equipped with Jifferential horizontal stabilizers, the
yawing movements due to lateral control deflections are usually proverse.

This is because the intensified pressure field generated above the stabilizer

on the downgoing side is also felt by the vertical tail.
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FIGURE 24
YAWING MOMENTS GENERATED BY SPOILER DEFLECTION
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Yawing Moment Due to Rolling VGIOCILYLNQ or_Np. Yawing moments are also

generated by rolling velocity. The main contributing factor to this yawing moment,
Np, or in nondimensional derivative form, Cnp is the wing, although large span
horizontal and vertical tails can have appreciable effects. The wing contribution is
due to the changes in effective angles of attack on the downgoing and upgoing wing
during rolling (see Figure 18). These changes result in tilting of the lift and drag
vectors on the respective wings (along with changes in the magnitudes as well). As
shown in Figure 25, the modifications to the lift vectors generally are predominant,
resulting in a yawing moment which tends to yaw the airplane opposite to the
direction of roll. The influence of the hgrizontal tail would be the same. The
sideforces generated at the vertical tail due to roll rate (see Figure 5) would result in
a yawing moment which tands to yaw the airplane in the direction of roll, which is
exactly opposite to the wing effect. The total yawing moment due to rol| rate is the
sum of the contributions of the wing, horizontal tail, and vertical tail. Since the wing
contribution is normally predominant, Np and Cnp are normally negative quantities,
ight {positive) roli raie wouid resuit in a ieft (negative) yawing moment due
to the roll rate.

The influence of the yawing moment due to roli rate is frequently incorrectly
included in the effects of aileron adverse or proverse yaw, C“aa. This is due 10 the
fact that, in a rolling maneuver, the yawing momients generated are a result of both

"Gaand Cnp.lt is never possibie to completely separate the two during flight test

investigations. The test pilot and engineer should be careful to use correct technical

terminology when describing the phenomenon observed during flight tests.
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WING CONTRIBUTION TO YAWING MOMENT DUE TO ROLL RATE

A tabular presentation of the lateral-directional stability derivatives is presented

in Figure 26.
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Steady Heading Sideslips

The steady heading sideslip is a common maneuver to all pilots. It is sometimes

utilized to maintain airplane heading equal to runway heading during crosswind -

landings, or to increase drag and steepen the glide path in light airplanes, However,
the primary reason for studying steady heading sideslips is not to determine the
feasibility of utilizing the maneuver in normal operations, although this
determination is obviously a by-product of the study. The steady heading sideslip
requires the pilot 10 balance the forces and moments generated on the airplane by
the sideslip with appropriate lateral and directional control inputs and bank angle.
Since these control forces and positions and bank angles are at least indicative of the
sign (if not the magnitude) of the generated forces and moments (and therefore of
the associated stability derivative}, the steady heading sideslip is a convenient flight

test techniave,

The equilibrium equation for the steadv heading sideslin will not be presented
in terms of the stability derivatives. Since the steady heading sideslip results in zero
yaw rate and zero roll rate, all force and moment coefficients due to yaw rate or roll
rate are eliminated from the equations, Also, the sideforce due to aileron deflection,

VcSa, will be neglected, since it is usually very small, Thus, the steady heading
sideslip equations for sideforce, yawing moment, and rolling moment may be

written as follows:

o I & C
SIDEFORCE C_vo + L}'B B + Tyg r+ L¢=20
) é
YAWING MOMENT n + “n 8 + Sng 6+ Cny Ca =0
e ————— o] B r T a
C C

ROLLING MOMENT lo +7L, 8 +

o
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where: (’Vo Cno, and CRO are sideforce, yawing moment, and rolling moment
derivatives when rudder deflection, aileron deflection, bank angle, and sideslip angle
are zero and are constants. These constants could result from asymmetric

configurations, loadings, etc.,

The variables in the steady sideslip equations can only be bank angle, rudder
position, aileron position, and sideslip angle. By differentiating the last equations
with respect to sideslip angle, the constants can be eliminated and usefui
relationships for the variation of rudder position, aileron position, and bank angle

with sideslip angle in steady heading flight can be developed. Differentiation yields:

. a6
g i C C r C d
STDEFORCE - T g |
SALLL LA Yg * Yo @@ " L gg=0o
dé dé
Nt ape o C C bd C
YAWING MOMENT — -2 .
———— = Mgt My gt g O
. r a
(E‘ dé ds
- o rware C C T C
ROLLING MOMENT g — -3 .
g * Qér ag " %a g =0

Solving the last three equations for the variables ddr/dﬁ,"%’dﬁ, arldd¢/d8

1

yields the following important classical relationships' which will be analyzed in turn:

C n C
B ST S|
c <, <
dér i 5k 68 8
B C C
néa 261‘
1- <, c
6 6 .
a r

1 . . . .
Several mathematical manipulations have been omitted.

V-35




C . -
| C, LN C,
" -2 - ro g
. [ C
. ¢ n 2
de _ 8 8 B
dg T C
"'\a 0
. r
1 -7 =
N ng
a r
| de X foe o, ¢, &
i di (.I B 6r dg
|
Rudder Position Required in Sideslip, The variation of rudder position with

. o . . .G .
sideslip angle reduces to the foilowing simple relationship if ”«Sa is zero:

ds C
r = . nlg
dR -C'n——
61‘ :

Thus, a positive variation of rudder position with sideslip angle indicates

C
positive directional stability since "6r is invariably a negative quantity, Obviously,

‘a’% yields absolutely no information as to the magnitude of the directional stability

C
CnB,unIess the magnitude of the derivative, "6,-, is known,
C

Even if "¢ isn

o
ven i
a

~*

¢ stiii has a major infiuence on the
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d
pilot’s opinion of lateral-directional flying qualiges. The denominator:

can usually beconsidered to be one and can be neglected in analysis,
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However, the numerator:

can have a significant influence on the rudder pasitions required in sideslips. For

example, a swept wing airplane in approach configuration can have a ratio of
Cy,,

dihedral effect to directional stability (-C—i'-) as high as three. If these airplanes
n
{

e . Che . .. . .
exhibit significant aileron adverse yaw, '8, in this flight condition, the gradient
dér/dg may be reduced drastically even though directional stability, C“B, may still
be strong. Thus, adverse aileron yaw and high dihedral effect can combine to reduce

significantly the pilot’s opinion of the directional "“stiffness’” of the airplane.

Obviously, some level of positive rudder nosition wvariation with sid

(Figure 27) is required in any airplane. This variation is sometimes referred to as

rudder position directional stability or directional stability, rudder-fixed,
1.
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FIGURE 27

RUDDER POSITION REQUIRED IN STEADY HEADING
SIDESLIPS
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Rudder Forces Required in Sideslips. Of great impcrtance to the pilot is the
variation of rudder pedal forces required in steady heading sideslips. Rudder forces
are generated by the requirement for the pifot to move the rudder to the position
for equilibrium. If the directional control system is irreversible, rudder forces are
merely a function of rudder pgsition, i. e.:

-
1l

K1A6r (linear fecel sprins system)

or: Fr = quAér ("q-feel" system)

where: K1 and K7 are constants describing the characteristics of the system, such as

strength of the feel spring, gearing ratio, etc.

However, if the directienal control system is reversible, the ruddsr is free to
float in response to hinge moments developed. This floating tendency can have a
large influence on the diracti .nal stahility of the airplanc, I the it

to align itself with the relative wind at the vertical tail, the restoring moment

C
generated at the vertical tail, "BV {and therefore C"g), will be decreasad (Figure

28). Conversely, if the rudder floats opposiie to the relative wind, C”B will be

increased. The floating angle of the rudder can be expressed analytically as follows:

C
& hB
T = - v B8
FLOAT C v
h
é
T
ch . . o
where: By = rudder hinge moment coefficient variation with
sidestip angle at zero rudder defle:tion, normally
carries a positive sign.
Ch . . - .
6 = rudder hinge moment coefticient variation with

rudder defiection at zerc sideslip angle, and carries a

negative sign.
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THE VERTICAL TAIL CONTRIBUTION TO CnB MAY BE
REDUCED BY RUDDER FLOAT

Since the pilot must apply rudder forces to move the rudder from its fioat

position to the position for equilibrium, the analytical expression for rudder forces

in the reversible system is as follows:

Fo=-KG qS5¢& J& -6
r g VET { YEQUILIBRIUM "FLOAT}

where: K = a constant describing the characteristics of the
system, radians per foot.
ay = dynamic pressure at vertical tail, pounds per square

foot.




W
1

. area of the rudder, square feet.

o)
1

¢ average rudder chord, feet,

The variation of rudder forces with sideslip angle is obtained by differentiating

the last equation with respect to sideslip:

di s K C s & _‘fé_r _ dérr-‘l,o/\'r
I h, Y r B -
B &
r .
Now since:
dAr CnB C
T (if the assumption n, = 0 is valid)
n a
&
T
and ds., ) ChB
FLOAT v oy _ do, o
s Ché N da™ o,
T

the gradient of rudder forces with sideslip angle for the reversible system may be

expressed as1:

1Several mathematical manipulations have been omitted.,
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The expreszion enclosed in braces in the above equation is sometimes referred

to as ’‘directional stabijlity, rudder-free.”” The destabilizing or stabilizing (depending

C
an the sign of th) influence of rudder float is represented by the expression:

Obviously, the pilot always desires some positive gradiemz1 of rudder pedal
force with sideslip angle (Figure 28). I the gradient is shallow or zero through zero
sideslip, the pilot experiences difficulty in maintaining zero sideslip during
maneuvering. If the gradient is high, the airplane feels “stiff”” directionally to the

pilot and he is general.y quite satisfied from this point of view.
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FIGURE 29

RUDDER FORCES REQUIRED IN STEADY HEADING SIDESLIPS

1Lef‘c rudder pedal force is considered positive. For a positive rudder force gradient,

left rudder pedal forces are required with right sideslip angles, and vice versa.
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Rudder Lock. If the directional control system is reversible, the pilot may be
confronted with nonlinearities in rudder pedal forces at high sideslin angles even
though the rudder position variation is linear. This situation, depicted in Figure 30,
is due to an increase in rudder float angle at large sideslip angles hecause of changes
in rudder hinge moment characteristics. |f the float angle equals the rudder angle
required for equilibrium, the rudder forces required will be zero. Any increase in
sideslip beyond this point results in the rudder floating ail the way to the stops
unless the pilot applies opposite rudder force. This situation, called “‘rudder lock,"” is
obviousiy unsatisfactory if it is encountered in a flight condition representative of an
operational situation. Rudder lock may also be generated by nonlinearities in the
rudder position gradient with sideslip anale, i.e., a directional stability problem. This
situation, depicted in Figure 31, results in the same rudder pedal force variation with
sideslip angle but can be differentiated from the “float-induced rudder lock’

because the rudder position gradient is nonlinear,

f RUDDER REQUIRED

& FOR £OuN DR
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o EQUILIBRIUM
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FIGURE 30
"RUDDER LOCK" GENERATED BY FLOAT CHARACTERISTICS
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Aileron_Pgsition Reauired for Sideslips, The relationship for aileron position

for equilibrium in steady heading sideslips is rewritten for convenience:

C
an ( 9‘6 Cn.z‘

R SO - 3
- c, <, C,
ds 8 8. !

' C
If roll due to rudder deflection, 26,, is zero, the above relationship reduces to the

following simple form:



—r T —

Thus, a variation of aileron position with sideslio angle such that9%a is
C dﬁ
negative indicates positive dihedral offect since 2’63 is invaribly a negative

quantity. Obviously, d‘sg yields absolutely no information as to the magnitude of
dg C
the dihedral effect,Cg, 2 unless the magnitude of the aileron control power, Rda s

is known.

C . ..
Even if lér is not zero, the gradient %53_ still has a major influence on the

pilot’s apinion of the lateral-directional flying qualities. Agairi, the denominator:

can usually be considered to be one and can be neglected in analysis. However, the

numerator:

can have a significant infiuence on the aileron positions required in sideslips, For

s 4

t with a high vertical tail in supersonic fiight can have a
C
ratio of directional stability to dihedral effect _"g3 as high as two. The ratio of
C
Cy. '8
roll due to rudder to rudder control power ‘5[ is equal to the ratio of vertical
Cn 5
tail height (Z,) te vertical tail length (R.v), which may be abgut one-half for a high

vertical taii, Therefore, in high speed flight, the rudder can provide a significant

amount of the rolling moment required for equilibrium in steady heading sideslips.

o
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The steady heading sideslip test conducted under these conditions would yield little
useful information as to the ratio of dihedral effect to aileron control power.
However, the results of the test would stili be very important from a flying qualities
standpoint, particularly in the analysis of lateral-directional trimmability and the -

ease of controlling bank angle with rudder.

The desired magnitude of aileron position variation with sideslip angle has
never been clearly determined. Analysis of many flying qualities investigations
reveals that, in general, pilots prefer some positive gradient such that right lateral
control position is required in right sideslips1 , and vice verse (Figure 32). However,
if the gradient is 10Q steep, lateral-directional flying qualities may be degraded also.

This variation is sometimes called control-fixed dihedral effect or dihedral effect

Sl
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FIGURE 32

AILERON POSITION REQUIRED IN SIDESLIPS

TThis results in 9%a being a negative quantity since right (positive) sideslip would

B
require right aileron trailing edge up (negative) deflection,
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Aileron Forces Required in Sideslips, Aileron forces in the steady heading
sideslip are generated by the requirement for the pilot to move the aileron to the
position required for eqiulibrium, I the lateral control system is irreversible, aiteron
control forces are merely a function of aileron_position. If the lateral control system -
is reversible, the aileron is free to float in response to hinge moments developed.
However, aileron float is generally very small during steady heading sideslips. In
some cases, aileron float has been observed in airplanes with high ggo_mg_tﬂ_c_dihedraﬂ
such that a positive gradient of aileron position is exhibited with a flat, or zero,
gradient of aileron control force with sideslip. Some positive gradjent of aileron
control force with sideslip angle is desired such that right lateral control forces are
required in right sideslips, and vice versa. This results in dFa/ds being a pegative
guantity (Figure 33). The variation of lateral control forces with sideslip angle is
sometimes referred to as controi-free dihedral effect or dihedral effect (aijleron
force). Lateral control forces will be discussed more thoroughly in the section on

Rolling Performance.
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FIGURE 33

LATERAL CONTROL FORCES REQUIRED.IN STEADY
HEADING SIDESLIPS

1Aileron float in steady sideslips appears to increase with geometric dihedral and

sweepback, although reversible lateral control systems are seldom utilized on

airplanes with high sweepback.




Baik_Anale Requirgd in Sideslips. The classical relationship for bank angle

variation with sideslip angle, developed earlier, is as follows:

"L

. . C ..
If yawing moments due to aileron deflection, "Ga , can be assumed negligible, the

rudder requirement with sideslip can be written:

]

n.|°‘
(=]
S O
L}
)
o
ke ]

c C c
Ys < Yy + Yg
WING, FUSELAGE, NACELLES VERTICAL TAIL

and C"B can be written:

c. _C C
nB = ne + n
WING, FUSELAGE, NACELLES 8VERTICAL TAIL
C C C %
n = n - y —
8 Bw, EN 8y b

C
(the b is required to nondimensionalize the vertical tail length.) and y‘sg can be

written: Chg

T
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Therefore, making the above substituticns:

d 14 ¢ ¢ b n ¢ by

Lol Yy, o T, = (N R .

di C W,I LN v 2 W,F,N v b
L v

do ot %, .2 Lnu

de < W,F,N 1, W,F,NJ

The point of the last tedious derivation is to emphasize the fact that if C“Ga is
zero, the bank angle requirement in steady heading sideslips is dependent strictly on
“tail-off"” parameters. Also, if C"(sa is zero, g_g is not influenced by dihedrai_gffect,
Even if C“da is not zero, the bank angle requirernent in steady heading sideslips is
primarily dependent on the sideforces and yawing moments created by wing,
fuselage, and nacelles, The gradient, %‘%‘ , is most often referred to as the gideforce
characgteristic. It is a rather important flying quality, since it provides a cue to the
pilot if sideslip is developed, If g_g_ is zero, the pilot wiil probably find that the
airspeed is easy 1o trim up in a wings fevel sideslip. Some positive gradient of
d‘15/df3 - right bank angle required in right sideslips and vice verse - is desirable for

satisfactory lateral-directional flying qualities (Figure 34).
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FIGURE 34
SIDEFORCE CHARACTERISTICS




Miscellaneous Characteristics Observed in Steady Heading Sideslips, There are
several other characteristics of lesser importance which can be determined from the
steady heading sideslip test. The first of these is the indicated airspeed error induced
by sideslip. Subjecting the production airspeed source to a sideslip angle can result in
erroneous airspeed indications in the cockpit. Generally, boom-mounted airspeed
sources utilized for sensitive airspeed read outs are not as susceptible to airspeed
error with sideslip, particularly if the boom head swivels so as to align itself with the
relative wind. Large indicated airspeed errors with sideslip angles normally empleyed
in operational usage is obviously an undesirable, if not dangerous, characteristic.

Airspeed errors may vary with the direction of sideslip.

Pitching moments arc generaied by sideslip angles due to changes in airflow
characteristics and effective angles of attack at the wing and horizontal tail.
Propeller-driven airplanes comimonly exhibit a nose-down pitching moment with
sideslip from one side and a nose-up moment with sideslip from the opposite side.
This is due to the phenomenon of moving the horizontal tail in and out of the high
energy propeller slipstream when sideslips are induced. These pitching moments or
longitudinal trim changes are manifested to the pilot through the elevator deflection
and longitudinal control force required to maintain airspeed constant in the steady
heading sideslips. Excessive iongitudinal trim changes with sidesiip angles normally
utilized in operational flight conditions would place exsessive demands on pilot

attention and coeordination.

Sideslip angles almost invariably result in increases in airplane drag coefficient.
Thus, to maintain airspeed constant without changing power setting, the pilot notes
an increase in rate of descent during sideslipping flight. This characteristic has been
utilized to increase the landing approach flight path angle in light airplanes.
However, excessive rates of descent with sideslip angles normally utilized in

operational flight conditions would be undesirable.

Steady Heading Sideslip Review. The forces'and moments which must be

balanced in the steady heading sideslip are summarized in Figure 35,
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FCRCES AND MOMENTS BALANCED IN STEADY HEADING
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DYNAMIC LATERAL-DIRECTIONAL STABILITY AND CONTROL

The previous discussion of laterai-directional stability has been concerned only
with equilibriuny flight conditions. The discussion will now be expanded to study )
the means by which onc equilibrium flight condition is changed to another
equiiibrium flight condition, either by pilot control inputs or by external
perturbations. The study of dynamic lateral-directional stability and control

characteristics will require the investigation of nonequilibrium flight conditions.

The origin, characteristics, and parameters atfecting the lateral-directional

modes of mgtion will now be introduced.
Origin of the Lateral-Directional Modes of Motion

Without derivation, which can be found in appropriate literature, the
determinant of the transformed lateral-directional equation of motion for “small”
disturbances may be written as shown in Figure 36. (Note: The iateral-directional
determinant is presented with the assumption that the effect of lateral-directionai
inertia cross-coupling is included in each of the termns of the equation. This
cross-coupling is a result of the product of inertia in roll and yaw, 'XZ- The
assumption that Iy effects are “built into" each of the stability derivatives is
deemed valid for qualitative analysis. Howsaver, the use of complete equations, which
show the influence of the product-ofin
quantitative analysis. These equations may be found in appropriate technical

literature.)

The solutions of the lateral-directional determinant will provide much usefui
information about the lateral-dirgctional modes of motion, In order to easily obizin
the first solution, the assumption is made that dihedral effect and roll due to yaw

rate are zero:

{The effect of varying these parameters will be introduced later.)
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s 'S = lLaplace Operator.
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The iateral-directional determinant thus reduces to:
S ~Y‘3 1
S{S - L3 =0
p

-N S-N
3 r

Solving the above yields:

. 2, .
$1(s - L) (87 v (-Yp = N) S« (N, + Y N} =0

The last equation describes the three lateral-directional modes of motion if LB
and L, are both equal to zero. Thess modes of motion are the spiral
mode - indicates by {S + (. YB - NS + (NB + YBNr)}. These *‘classic’’
lateral-directional roots are presented on the conveniert root locus plot in Figure 37,
As previously developed, the spiral root lies at the origin, indicating neither a
divergence or convergence when excited. The roll mede is characterized by a large
negative real root, corresponding to a heavily damped, nonoscillatory rolling motion,
The Dutch roli mode is characterized by a complex pair of roots, indicating an

oscillatory second-order type of motion.

IMAGINARY
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FIGURE 37

COMPLEX PLANE. REPRESENTATION OF CLASSIC
LATERAL —DIRECTIONAL MODES OF MOTION
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The Spiral Mode, The spiral mode is a first order nonoscillatory mode cf
motion, |t can be described as a bank angle divergency or convergency after a bank
angle disturbance from wings level flight with controls restrained in the position for
wings level flight, Actually, the sprial mcde can be convergent, divergent, or neutral,
The pilot does not normally excite the spiral mode intentiopaily; however, it is
excited any time the bank angle of the airplane is disturbed from a trimmed wings
level condition. Therefore, it has some influence on the airplane’s lateral-directional
flying qualities, The nature of the spiral mode, i.e., whether it is convergent,
divergent, or neutral, depends on the sign of the following combination of stability

derivaties1 :

...H! | . _.._..._____n.; il 'nnB Lr is
larger than LB N,, the spiral mode will be divergent {Figure 38). In general, strong
directional stability (large NB) promotes a diveraent spiral mode; while high positive

dihedral effrct (large negative LB) promotes a convergent spiral mode, At any rate,

|

the magnitude of the spiral root tends to vary jnversely with airspeed (seathe last
equation). Thus, the magnitude of the spiral, which corresponds to tho rate of

convergence or divergence of the motion, tends to be large at slow airspeeds and

sinali at ingh girspeeds.

1Semetimes referred to as the “E coefficient” of the lateral-¢’ -~tional characteristic

equation.
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The Roll Mode. The classic roll mode is a heavily damped, first order,
nonoscillatory mode of motion manifested in a build-up of roll rate to a steady state
value for a given lateral control input. This rolling motion (depicted in Figure 39) is
utilized by the pilot to vary and contro! bank angle. Thus, the characteristics of this -
roliing motion have a major infiuence on the pilot’s opinion of the maneuvering
capabilities of the airplane. For now, the roll response will be considered to be a
“single degree of freedom’’ motion; i.e., the airplane is free only to roll {not yaw or
pitch) in response to a lateral control input. For this single degree of freedom rol!,

the steady state roll rate for a given lateral control deflection can be expressed as:

" C

L 2
= 63. 8 = - _-—6_3_ Zv [
L - C b “a
p )
P
where: 6L/36 . C
L =7 i . 9’63 %-S-bi = rolling moment due to latersl
XX XX control deflection (lateral control
' er) term,
power) {.

The rate at which the roll rate builds up to steady state, or decelerates to zero,
is governed by the “roll mode time constant,” T,- The roll mode time constant is
defined as the time required for the roli rate to reach 63.2 percent of the steady
state roll rate following a step input of lateral contro! (Figure 39). The roll mode

time constant is inversely proportional to the roll damping parameter:

Actual rolling motion is generally contaminated by yawing motion which

resuits in the roll rate being somewhat oscillatory. Actual rolling motion will be

discussed more completely in the section on Rolling Performance.
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The Dutch Roll _Mode. The remaining two roots of the lateral-directional

solution form a complex pair corresponding to a classic second-order, oscillatory
mode of motion. This is the “Dutch roll”” or “iateral-directional oscillation,”” The
Dutch rell mode is sometimes referred to as a ‘“‘nuisance’’ or “annoyance’’ mode _
since the motion is not normally deliberateiy excited in normal flying. However, it is
inadvertently excited almost continually by pilot control inputs or by external
disturbances. Therefore, the characteristics of this mode ot motion greatly influence
the pilot’s opinion of the airplane during ali phases of mission accomplishment.
(During certain special flight conditions, such as flight with asymmetric power or
landing with a crosswind, the pilot may utilize the Dutch roll mode to generate
sideslip changes in order to maintain steady heading flight. In addition, bank ang'e

control by use of the rudders is manifested through the Dutch roll mode of motion.)

There are no simple approximations for the frequency and damping ratio of the
Dutch roll motion, Howaver, rough annroximations ray be made by ass
LB and L, are both zero. This reduces the Dutch roll motion to ‘““‘two degrees of
freedom’’ - rotation about the Z axis of the airplane and lateral translation (the
Dutch roll for these conditions is a pure directional oscillation - a pure “snaking’’
motion). The portion of the characteristic lateral-directional equation which

describes this motion is:

s+ (-v, - NS+ (Ng+Yg i)} =0

8 8

From this relationship, a rough approximation for the undamped natural

frequency of the Dutch roll oscillation can be derived and writien as follows: 1

w L C
nDR M nB yPa Sb

2 Izz

TSeveral mathematical manipulations have been omitted.
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where:

Pa

lzz

= Mach number

=  directional stability derivative

=  aconstant, generally taken as 1.4

= absolute pressure, pounds per square foot

= Wing area, square feet

= Wingspan, feet

= Moment of inertia in yaw

Several important relationships can be gathered from a study of this equation

for U'hDR

The undamped natural frequency of the Dutch roll motion increases as
Mach number increases; thus, the period decreases with increasing Mach

hie “'Guickness” of the motion increases).

The undamped natural frequency of the Dutch roil motion increases with
an increase in directiona! stability, and decreases as CnBis decreased. This

is analogous to strengthening or weakening the spring in the

spring-mass-damper system,




3. The undamped natural frequency of the Dutch roll motion decreases with
an increase in pressure altitude at a constant Mach number. (The
“quickness” of the motion decreases at high altitude if all other

parameters are constant.)

4. The undamped natural frequency of the Dutch roll motion decreases with
an increase in moment of inertia in yaw. This is analogous to increasing
the mass in the spring-mass-damper system. (varge airplanes with large
1>,z parameters have low frequency Dutch roll motions. They are

therefore slow in responding to gust disturbances or rudder inputs.)

In order to obtain an approximation for the damping ratio of the Dutch roll
motion, it is assumed that Y Band N, are approximately the same value. The

damping ratio may then be developed1 as follows:

where:
Cnr = yaw rate damping derivative,
o) = density, slugs per

cubic foot.

Certain important eftects are visible from this relationship:

1. Damping of the Dutch roll motion is largely dependent on yaw rate
damping. Changing yaw rate damping is analogous to changing the

viscosity of the damper in the spring-mass-damper system.

2. Damping of the Dutch roll motion decreases with increasing altitude

because of the reduction in density.

3. Increasing directional stability decreases Dutch roll damping.

1Several mathematical manipulations have been omitted.
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4, Increasing the yawing moment of inertia decreases Dutch rol! damping.

5. Damping of the Dutch roll mode of motion is not a direct function of

airspeed or Mach number.

If the airplane exhibits some level of dihedral effect and/or roll due to yaw
rate, there will obviously be rolling motion generated by the sideslip and yaw rate
excursions during the Duich roll oscillation. The degree of rolling motion exhibited,
expressed in terms of “roll-to-yaw” ratia (¢/8}, has a significant influence on the
acceptability of a particular combination of Dutch roll damping and frequency. In

general, more damping is required as the roll-to-yaw ratio is increased.

The real Dutch roll oscillation generally consists of yawing, sideslipping, and
rolling. The phasing of the rolling and yawing depends on whether positive or

negative dihedral effect is present. The Dutch roll oscillation shown in Figure 40 is

presented assuming the airplane exhibits positive dihedral effect.
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FIGURE 40
TYPICAL DUTCH ROLL MOTION
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Effects of Various Parameters on the Lateral-Directional Modes of Motion

The influence of varying several parameters on iateral-directional dynamics will

now be presented using the convenient root locus plots.

The characteristic roots for zero dihedral effect and roll due to yaw rate are as

shown in Figure 41.
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FIGURE 41
COMPLEX PLANE REPRESENTATION OF CLASSIC LATERAL-DIREC-
' TIONAL ROOTS

The foiiowing discussion and plots are introduced to show the influence of

certain derivatives on the characteristic roots.

Dihedral Effect, LB' Fixing the values of roll due to yaw, Np, and yaw due to

roll, Nr , at zero, the influence of dihedral effect is as shown in Figure 42,
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INFLUENCE OF ADDING POSITIVE DIHEDRAL EFFECT

The consequences of introducing dihedral effect are:

1. Total roll damping is increased.

AF __ NFRCER
>

o,
2. Damping of Dutch roll is decreased.

3. Spiral mode tends to become stable.

Rolling Moment Due to Yaw Rate, L,. Assuming LB and Np are fixed at zero,

ho i fe mmombemass (o €TIoL_ An
the influence ¢ L, is as shown in rigure 43.
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FIGURE 43
EFFECT OF ADDING ROLL DUE TO YAW RATE, L,

Roll due to yaw rate effects on root locations are:
1.  The Dutch roll frequency tends to increase.
2. The spiral mode tends to destabilize.

3. Ro!l damping increases.

Yawing Moment Due to Roll Rate, Np. The general trend of the influence of

Np on a typical airplane is discussed. For nominal negative values of Np and typicai
values of LB and L., the Dutch roll damping is reduced and the total roll damping
may increase or decrease depending on how much dihedral effect is present. The
spiral rnode is practically unchanged but tends to move toward the origin. Positive

values of N tend to have the reverse effect.

Directional Stability, Ne. The frequency of the Dutch roll is influenced most

strongly by directional stability. There is a minor influence on the spiral mode and

roll mode. Figure 44 illustrates the effect of increasing directional stability.




The foilowing is a surimary of the effects of directional stability:

|
|
" ' 1. Increasing NB will increase the Dutch roli frequency, u‘nd, and decrzase

m the damping ratio, ¢ 4.

2. increasing NB will tend to drive the spiral mode divergent but has limited

b influence an the magnitudes of the imode.

3. Increasing N, tends to drive the roll mode toward the single degree of
B

freedom root focation, '-p .

4, Decreasing NB towards zero would finally drive the Dutch roll to a deaa

|- beat mode and the lateral-directional characteristic equation would be

L made up of four real roots.
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» FIGURE 44
¢ INFLUENCE OF CHANGING DIRECTIONAL STABILITY ON TWO
DEGREE OF FREEDOM DUTCH ROLL
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Yaw Rate Damping, N, . The influence of yaw rate damping, N, is primarily

on the Dutch roll damping. The influence on the spiral mode and roil mode is

limited to a very minor effect. Figure 46 illustrates the trends.
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FIGURE 46

EFFECTS OF INCREASING YAW RATE DAMPING, N,

The foliowing is a summary of the typical influence of a nominal increase in

yaw rate damping:
1. The real part of the Dutch roll is increased.

2. The spiral mode tends toward a convergent mode if positive dihedral
effect is present.

3. The roll mode root is slightly increased if positive dihedrai effect is

present.
Bank Angle Control_and _Adverse Yaw. In the previous paragraphs, the

influence of various stability derivatives on the roots of the characteristic equation
was discussed. Yaw due to aileron deflection, Nesa , was not among them simply
because it has no affect on root location. However, it is obvious that it has an effect

on handling qualities and the following discussion to show that effect.
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The bank angle transfer function can be expressed as:

g2 (5) = "o [57+ 205 %y 5+ ¥t ]

S+ 1 w W
( Ts’)(s+=r1'r) [82+2<sd Nd S+ nd_z]

where the roots of the denominator are the roots of the characteristic equation that

have previously been discussed. Recall that the Dutch roli roots were the two degree
ot freedom roots as modified by dihedral effect, roll due to yaw, etc. These roots
will now be referred to as the three degree of freedom Dutch roll. The numerator
roots are also the two degree of freedom Duich roll roots but as modified by adverse
yaw and dihedral effect. Figure 47 shows the movement of the three degree of
freedom Dutch roli roots as a result of increased dihedral effect and roll due to yaw
rate for nominal values of the remaining terms and the rnovement of the numerator

roots as either adverse yaw or dihedral effect is increased. How much these roots are

N
separated is indicative o

the amouni of Dutch roii response that will be present in @:
:w the total roll response or how much oscillatory roll is added to the average roll.
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The zero locations become very important in the closed loop task of bank angle
control. With the pilot in the loop and tasked with precise bank angle control, the

roots of the system tend to move as indicated in Figures 49 and 50.
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PILOTING TASK REQUIRING CLOSE CONTROL OF BANX ANGLE

€ FIGURE 49
== PATH OF THE LATERAL-DIRECTIGNAL ROOTS WITH INCREASE
IN TIGHTNESS OF BANK ANGLE CONTROL
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PATHS OF THE LATERAL-DIRECTIUNAL ROOTS WITH INCREASE
IN TIGHTNESS OF BANK ANGLE CONTROL.




Figure 49 is for a typical case where a nominal value of adverse vaw is present.
Note that the roll/spiral mode is stabilized and the closed loop damping of the

Dutch rol!l is increased. Figure 50 is for a case of proverse yaw and, for the case

shown, the Dutch roll is driven unstable. The pilot wiil not permit this and will have -

to change his control technique. The pilot would obhviously rate this system as
unsatisfactory. It is impertant to note that the cause was zero location and not the

locations of the characteristic roots.

In the roll rate response to a step input of aileron, the phase angle between rol!
rate and sidestip is indicative of the relative angular positions of the Dutch roll root

and the zeros of the roll transfer function.

The expression, “9/wpg, is frequently used as an indication of the roll
disturbarice at the Dutch roll natural frequency due to aiieron inputs. If ‘*‘q;/wDR =1,
the yawing moment due to aiieron deflection, Nda, is zero and there is little or no
Dutch roli motion in the roll response to aileron inputs, If %/upyg > 1, the yawing
moment due to aileron defiection is proverse (Nda < 0) and the damping of the
Dutch roll motion during precise bank angle tracking tasks may decrease, The Dutch
roll motion will be excited during the roll response of the airplane to a lateral
control input if Y/wpR > 1. When “/wpg <1, the yawing moment due to lateral
control deflection is adverse (Noa > 0) and the damping of the Dutch roll motion
during precise bank angle tracking tasks generally is beiier than the damping
exhibited by the airplane with controls free. The Dutch roll motion will be excited
to some extent whenever the airplane rolls in response to a iateral control input

when Y%/wpRr < 1.

There are two parameters used to quantitatively evaluate the Dutch roll

influence on roll performance in “‘tightly controlled”’ tracking tasks. These

parameters are:

(@
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The ratio of the oscillatory component of roll rxte to e sverage
component of roll rate following a rudder-pedals-tree step aiieron control

cornmand, Po (see Defiaitions secticn of ML SPE7 7850 for further
Pav
definition).

2. The phase angle in a cosine representation of the Dusich roll cempornant of

sideslip, y g

Effect of yo on Flying Qualities
)‘ Since bg is a rather abstract parometer, it is well {0 consider its pnysical

implications and significance to the piloting of an airplane. Very simply, g can e
considered as an indication of those closed-loop stability characteristics of an
airplane that are related to the lateral-directionai couplng derivatives; ani of the

difficulty a pilot will experience in coordiiating a turn entry. Further clarification

for positive dihedral.

|

l C can be obtained by discussing the variation of the specified values of _E;g_is.;g_with th

“

'| The parameters Pos¢c and be have been used to =pecify critaria a; a function of
Pav

I Flight Phase Category and Level as shown in Figure 50a {Specitication VFaragraph

| 3.3.2.2.1, Figure 4).
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3 it should be noted that this figure has two xpB scales, one for positive dihedral
»ﬁ "~ {p leads g by 459 10 225} and the other for negative dihedral (p leads g by 225°
- through 360° 10 457},

Frory this figure iv can be seen that the ratio of roll rate oscillation to steady
state roll rate nan be mwch yreater for some values of ]‘(}B than for others.
Specificaily, the specified values oy gggg for 0° > bg> -90° are far more stringent

av

than for -1809 > z;uﬁ > -2709. There are at least three reasons why this is so:

1. BDifierencas in Clozed-l.oon Jtability, From a root locus analysis, it can be

shown that when the zero uf the P/§,g transfer function list in the lower
left quadrant with resnect te the Dutch roll pole, (-180° > Vg2 -2709),
the closed-loop danping increases when the pilot closes a bank angle error
to aileron leop. (See Figure 650b.) The reason for this in physical terms is
that when the zero lias in the lower left quadrant, aileron inputs
% pronartional to hank angle orrors generate yawing acceierations that tend Q é
;L to damp tie Duich ;oil oscillations. Thus, the Dutch roll damps out more R
'\ quickly <losed-loop than open-loop, so a pilot will tend to tolerate
.;_j snomewitat moie Posc . Cenversely, it can be shown that when the zero iies
i in the upper ri:?‘\lt quadrant with respect to the Dutch roll pole
) (09 > Yo 2 -909j, the closed-loop damping decreases when the pilot
:": anplies aileron inputs proportional to bank angle error. The physical
' aexpianation Tor this is that aileron inputs generate yawing accelerations
¢

that tend to excite or sustain the Dutch roll oscillations. Thus, the Dutch
rofl damps out less quickly closed loop than open loop, and can even go
unstable closed loop; that is, pilot-induced osciliations can result. In this

\*‘ case a pilot’s tolerance of {;gs& tends to reduce.
av
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2. Differences in Difficulty of Rudder Coordination. Significant differences

in the Po requirements also occur because of differences in difficulty
Pav

of rudder coordination while performing coordinated turn entries or exits.

For -160° > q‘;s > -270 , normal coordination may be effected, that is,

right rudder pedal for right rolls. Thus, even if large roll rate oscillations

occur in rudder-pedal-free rolls (the conditions under which the SQE__

av

tests are conducted), sideslip oscillations can be readily minimized by use

of rudder pedals so that rol! rate oscillations do not occur. On the other

hand, for 0° > Y290 it is necessary to cross control to effect

coordination, that is, left rudder pedal with right aileron. Since pilots do

not normally cross controi {and if they must, have great difficulty in

doing so} for 003 yg 290,

oscillations in sideslip, and hence

oscillations in roll rate, either go unchecked or are amplified by the pilot’s

efforts to coordinate.

3. Differences in _Average Roll gj;g The third reason why the ‘PQ&
requirements vary so mgmfucantiy with WB is that the average roll rate,

Pg;g for a given aileron input, varies significantly with g - For positive
av

dihedral, adverse yaw-due-to aileron ( bg

-180°9) tends to decrease ~
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average roll rate whereas proverse yaw-due-to aileron ( Vg 09} tends to
increase average roll rate. As a matter of fact, proverse yaw-due-to aileron

is sometimes referred to as ‘‘complementary yaw'’' because of this

augmentaticn of roll effectiveness. Thus, for a given amplitude of Posc , )

Posc will b ter at yo = -180° it wi = o°
03 will be greater at yg 180" than it will be at Yg = 0°.

(n summary, the parameters that have been chosen in the specification to
describe and specify the coupling that exists between sideslip and roli for
moderate to high |¢/B|d response ratios areg%/g:_ and ‘l’e . These
parameters were chosen as being measurable parameters which most
simply, directly, and accurately reflect the important flying qualities
considerations. The measurements are taken from the p and B traces

which are obtained from sensitive instrumentation.

LATERAL-DIRECTIONAL CHARACTERISTICS IN TURNING FLIGHT

One of the most important considerations in the investigation of
lateral-directional flying qualities is the ease with which the pilot can enter and

maintain turning flight. The longitudinal flying qualities associated with turning

flight were discussed earlier. The lateral-directional characteristic of most concern to
the pilot in turning flight is the coordination required of lateral and directional
control during turn entries and steady tums. The pilot desires to keep the ball of the

needle-ball instrument as close to the center of its race as possible during these

evolutions. if the ball remains centered, the pilot, passengers, and objects in the
airplane are not subjected to uncomfortable sideward accelerations. As shown in

Figure 51, a balance of the forces acting on the ball is attained or the airplaneisina

coordingted turn, when:

g sin v = Vr




where:

. - 2
= acceleration due to gravity, ft/sec .
= bank angle, radians,

= girplane true airspeed, ft/sec.

% «< & m

= airplane yaw rate, radians ; ..

e
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COORDINATED TURN. Vr = g sin ¢
(r=0 cos ¢, IF ¢ IS SMALL, cos ¢ NI.0; rS Q)

FIGURE 51
THE AIRPLANE IN A COORDINATED TURN

This relationship is appropriate only for fairly small bank angle turns {¢=30

degrees or less) since the angular turn rate, 2, becomes largely pitching motion

instead of yawing motion as the bank angle approaches 90 degrees.

With the concept of the coordinated turn in mind, consider now the so-called

‘two-contro! turns’’; i.e., “aileron only turns”’ and ‘‘rudder only turns.”




Aileron- Tums v

In the steady (constant bank angle) aileron-only turn, an expression for the
aileron position required for equilibrium can be easily obtained as a function of the -
nondimensional yaw ra;e,zr%. For a symmetrical airplane (cn0 =0, CQ,O =0,
Cyo = 0), no yawing moments due to lateral control deflection (C"(ga = 0), and
no influence of inertia terms on yawing and rolling momeants, the equilibrium

equations for an aileron-only turn may be written as follows:

. PR cC 3 C rb W . K Vr
STDEFORCE Ya * Y, (—ZV) + -——qs sin ¢ —qS
YAKING MOMENT ©n, % + Cp (EE) =0
Aty L 4 |3 T 2v

. C. 8 C ) . C ﬂ) =
ROLLING MOMENT h.b + 9'63 da Qr (ZV) . 0

From the rolling moment equation, the aileron requirement can be derived as
follows: ek.,,
5, I L Rt IR L
EQUILISRIUM 2, T
a

In order to eliminate the sideslip variable, an expression for sideslip is obtained

from the yawing moment equation:

Cn
r .1
BR—E“—(W)
"3

By substituting this expression for sideslip and by appropriate manipulation
and differentiation, the aileron required in a sieady aileron-only turn may be

presented as follows:

ds,

LQUILIBRIUM | oo {0 mo - F . n

rl
3 i5y)
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Notice that the term in braces is the same combination of stability derivatives
which dictated whether the spiral mode was convergent, neutral, 7or divergent. If this
term is positive, the spiral mode is divergent, and the pilot will be required to hold
“top-aileron” or “‘out-of-tum-aileron” in an aileron-only turn. If it is negative, the -
spiral mode is convergent, and the pilot will hold ‘“bottom-aileron’” or
“in-turn-aileron’” in the aileron-only tum. Obviously, if it is zero, the aileron
requirement is zero. The balance of forces and moments in the steady

aileron-only-tum is presented in Figure 52.

i s RELATIVE WIND

Cn' (zv) C_Q (m

(F\H/) /\g\

THE AILERON REQUIREMENT DEPENDS
ON THE SPIRAL CHARACTERISTICS

FIGURE 52
THE AIRPLANE ESTABLISHED IN THE STEADY AILERON-
ONLY TURN -

From this illustration, the foilowing raticnalizgticn may be inade. if directionai
stability is strong, the sidesiip deveioped in the aileron-only turn will be fairly small.
Therefore, the rolling moment due te sideslip (Cf«s R) will be relatively small unless
the airplane exhibits a large value of C2 g Thus, strong directional stability generally

results in an unstable, or divergent, spiral mode. Conversely, strong positive dihedral

etfect {large negative Ce g) generally results in a convergent spiral mode.
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During the aileron-only tum, the airplane generally develops sideslip toward the
n direction of turn (Figure 63). If the airplane exhibits normal positive sideforce

characteristics 1

, sideforces are generated which “‘slide’” the airplane away f_rom the
center of the turn. Thus, the airplane in the aileron-only turn will fly on a larger |
radius of turn (Figure 53). If bank angle and airspeed are maintained constant, the
larger radius of turn results in a _lower yaw rate. This creates an unbalance in the

acceleraticn components acting on the ball in the needle-bail instrument such that it

.,

assumes a position toward the center of the tum (g sin ¢ > Vr in the aileron-only
. turn). If the sideslip were reduced, the aileron-only turn would approach the

coordinated turn in which the ball is centered.

|- PATH OF ARPLANE
e IN COORDINATED RELATIVE WIND
'i; TURN
CENTER OF : B=O

_ TURNS RADIUS OF
] Oe—————C00RDNATED T
~ RELATIVF .
m . of [ TTVE e
= 4/@40146 v SO ®.

Airspeed and Bank angle TUM;O"L)' 8 TOWARD

are the same in both cases, ~ -~ ’ INSIOE. OF

Thus, the sideslipping airplane ~—~ ~ / TURN

with the larger radius of turn ~
has a lower yaw rate, The ball
: of the needle-ball instrument

therefore rides toward the inside

of the turn. mmv

TURNS
4
FIGURE 53

COMPARISON OF TYPICAL COORDINATED AND AILERON-ONLY TURN

. _'_ ;'

'.' 1lf the airplane exhibits weak sideforce characteristics, such that the derivative CVB
approaches zero, the ball position (and the ‘‘seat-of-the-pants”) loses its significance
as an indicator of the perfection of the turn. The pure all-wing tailless airplane
exhibits essentially zero sideforce characteristics. In these airplanes, the pilot would
have no indication that large sideslip angles had deveioped during turns unless a
i sideslip indicator were installed in the cockpit. Thus, the importance of providing
» good positive sideforce characteristics is again emphasized.




Bank angle response to a rudder-only control input depends on the magnitudes

and signs of the following stability derivatives:
Dihedral effect, €1 g
Rolling mement due to yaw rate, C,Q,r
. . Cy
Rolling moment due to rudder deflection, S

The rolling moment due to rudder deflection is generally so minute that it has no

apparent influence on the roll response. However, in airpianes with high vertical
. C L I

tails, the effect of 9"6, may be detected as an initial hesitation of the roll response

, e
or a roll responee rosulting in 2

arid, anat | PN n_r.
(- 151ET . '

¢ change Spposite to the rudder inpui {leit

bank angle change with right rudder, and vice-versa).

Soon after the rudder-only input, the airplane responds through the Dutch roll

mode of motion1

and a yaw rate is developed. Obvicusly, if the roiling moment due
to yaw rate derivative carries its normal sign (positive), the airplane should begin to
roll in the same direction as the rudder input. Additicnally, sideslip is
deveioped - such that left sideslip is generated by a right rudder input - and the
airplane responds in roll due to its dihedral effect. if dihedral effect is positive (CQ R
exhibits a negative sign), the rolling moment dug to sideslip will cause a bank angle
change in the same direction as the rudder input. Thus, the roll response to a
rudder-only input is due almost exclusively ¢ the combined effects of the rolling
moments generated by yaw rate,Czr , and sideslip, C'Q'B (Figure 54). Obviously, the
influence of these derivatives cannot be separated during the rudder-only turn unless

one of the derivatives is known to be zero.

This can be proved mathematically, however, the derivation will not be presented

here.
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FIGURE 54
TYPICAL AIRPLANE RESPONSE TO A RUDDER-ONLY INPUT

In the steady (constant bank angle) rudder-only turn, an expression for the
rudder position required for equilibrium may be obtained as a function of the
nondimensional yaw ratc, "/2V. For a symmetrical airplane (Cno = 0, CR.O = Q,
Cya = 0), no roil due 1o rudder deflection (C’Lsr = 0}, and no influeive of ineriia ’
terms on the yawing and rolling moments, the equilibrium equations for a N\

rudder-only turn may be written as follows:

v C C cC b LI - W
SIDEFURCE Ya g8+ yér ér * YWt & sin ¢ T Vr
C C . C ™
YAWING MOMENT ng 8 +, nér 6r * n, 3y o]

G MOMUNT C, P Cu’. ‘rh 0
N 1931 X, N -
O MuUp r -2V

From the yawing moment equation, the rudder requirement can be derived as

follows:

3 = - ""i—— {Lﬂr (r'l',') + Cl‘_ b}

- r
TEQUILIBRIUM n = s

In order to eliminate the sideslip variable, an expression for sideslip is obtained

from the ro!”” 3 moment equation:
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By substituting this expression tor sideslip, and by appropriate manipulation _

and differentiation, the rudder reguired in a steady, rudder-only turn may be

expressed as:
dsr .
EQUILIBRIW 1 : {Cg cn . < (n }
e v B g °r
¢ X ne ‘g
2V r

Notice that the term in braces is again the same combination of stability
derivatives which dictated the nature of the spiral mode. If this term is positive, the
spiral mode is divergent, and the pilot will be required to hold ‘‘top-rudder’” or

“out-of-tum’’ rudder in a rudder-only turn, and vice-versa.

Coordinated Turns

In the steady (constant bank ang'e) coordinated turn, expressions for rudder
and aileron position and sideslip angle required for equilicrium can be derived as
functions of the nondimensional yaw rate, rbiay, Assuming a symmatrical airplane
and no influence of inertia terms on the yawing and rolling momenis, the

equilibrium equations for a eoprdi

' ey —~ - _ PP
nated turn msy be written as TOlows:

. . L C : C rh, _ . W W Vr
SIDEFORCE Yg 8 + yér 6:‘ * Y, (7\7) = 0 (Since s sin ¢ % a5
C C C C rb, _

YAWLNG MOMENT "8 “ * “Ar Se* “éa 8¢ B g9 =0
ur C C c c, ,rb, _
ROLLING MOMENT EB B+ 9,6r 6r + 263 éa + R.r (W) =90

v-8i
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The rudder requirement in the coordinated turn may be obtained by a

. . X Lo C
determinant solution which reduces to the foliowing if we assume "68 = 0:

rb
('2-\7)
dr =
EQUILIBRIUM

Sofving the determinant, rearranging terms and differentiation yields the

following expression:

C
¢, . Jroc
ds_ ¢, Yg = T 8

EQUILIBKIUM  _ r r

b R o B C
Az ", vc, _ o
8" T 8
N
I

The part of the above expression contatned in braces is generally very nearly
equal to unity. Therefore, the rudder requireiment in a coordinated turn is needed
mainly to overcome the yaw rate damping, C"r , whicn acts in opposition to the
estublished yaw rate. Obviously, the rudder requirement varies inversely with rudder

C ) . .o
control power, "dr . For a coordinated turn to the right (positive yaw rate), an

analysis of the last expression veveals that the rudder requirement is negative
(trailing edge right), which is generated by right rudder pedal deflection. Thus, the
pilot applies rudder pedal deflection toward the direction of turn in a cogrdinated

turn; this analytical analysis is substantiated by actual flight experience.
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An approximation for the sideslip in the coordinated turn may be obtained
from the yawing moment equation by inaking the following substitution and

assumption:

Cn
r rh
Se - Gy
EQUILIBRIUM ng C
r

From the yawing moment equation:

C
n 3
C r b ¢ b, _
C, B+ g eGP e, Gp =0V
& T ng
T
C C rh
g = (" - ]
. Cn
LJ ¢
8 =0

Thus, in the coordinated turn, the sideslip is approximately zero. In reality, the
sideslip in the coordinated turn is generally never quite equal to zero, however, it is

usually very small.

The aiieron requirement in the coo.dinated tum may be obtained from the

rolling moment equation by raking the following substitutions:

C
n
5 _ r .rb

0

N ( ) B =
TEQUILIBRIWM  “n, 2V EQUILIBRIWM

)
r




Thus:

) n . C b
C r rb C $ + 0 (=) =0
! ‘s {- T GPY * Y aquitsrim T Y
= °r
= ds c, “, c,
m *EQUILIBRIUM _ r &, -
Th " C C
d(zm) L [
T k1Y 6y r M8
[
-

The portion of the last expression contained in braces is generally very nearly
equal to unity, unless the airplane has a high vertical tail, Therefore, the aileron
requirement in the coordinated turn is generated by the necessity to counteract the

rolling moment due to vaw rate, Csz,, . For a coordinatzd turn to the right (positive

yaw rate), an analysis of the last expression reveals that the aiiercn requirement is
positive (right aileron trailing edge down), which is created by left cockpit control

deflection. Thus, the pilot applies iateral cockpit contro! deflection cpposite from

5_ the turn direction in the coordinated tum. In actuality, this aileron reguirement is

h generally very small.

INFLUENCE OF CENTER OF GRAVITY MOVEMENT

! Movement of the airplane center of gravity {CG) has rather small effects on

lateral-directionai characteristics, particularly when compared with the profound

effects experienced in the longitudinal case. Of course, vyay
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contributions are slightly modified by CG movements which change the magnitude

of the moment arm. However, the parameter measured in flight test work as an

- indication of the yawing moments generated by the sideslip. d'~"r/d6, is not
noticeably affected by CG movement. This is due to the fact that a change in CG

S

. C .
position alters the rudder control power, "ér , at approximately the same rate that
directional stability, CnB is modified. Therefore, the center of gravity position

utilized for flight test investigations of lateral-directional characteristics is not

[::I critical; however, if possibie, the most aft operational CG positions are generally
A . :
"o utilized.
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TEST PROCEDURES AND TECHNIQUES
LATERAL-DIRECTIONAL FLYING QUALITIES

PREFLIGHT PROCEDURES

Any rigorous flying qualities investigation must begin with thoraugh preflight
plenning. The lateral-directional area of investigation is no exception to this rule.
Only by clearly defining the purpose and scope of the investigation can a plan of

atiack or method of test be formulated.

Preflight ptanning must begin with research. All available information
concerning the airplane’s tateral-directional characteristics should be reviewed. The
conformaticn of the airplane should be studied in relation to its influence on
lateral-direcsioral flying gqualities. Of course, preflight planning must include a
thorough study of the lateral-directional control system-encompassing stability and

.
eontrol ancmentation |

il inforination may be gained from

conferencas with pilots and enginezrs who are familiar viith the airplane.

The particular tasks to be investigated must be determined and clearly
understood by the flight test team. These tasks, of course, depend on the mission of
the airplane. it is particularly important cduring the investigation of
lateral-directional flying qualities to Ceterrnine if these tasks will be performed in
instrun.ent flight (IFR) conditions or mereiy visua: flight (VFR) conditions in
operational use. Certain undesirable characteristics cas be accepted for VFR
missions, but cre not acceptable for 1¥R missicns. The availability of an automatic
flight control system or autepilot for ilot relief must also be considered. If stability

or control auameantation is instailed, the consequences of augmentation failures must

ke given due consideration.




Knowledge of the mission tasks allows determination of appropriate test
conditions - configurations, altitudes, centers of gravity, frim airspeeds, and gross

weights.

Test conditions must be commensurate with the mission environment of the
zirplane. Center of gravity position is not particularly critical for lateral-directional
tests. Tests at normal operational CG positions for & test loading are generally
adequate; however, if feasible, the most aft operational CG positions should be
utilized. Lateral-directional characteristics may be altered by various combinations
of external stores. Asymmetric store loadings may seriously degrade
|ateral-directional flyirng qualities; these conditions should be investigated on any

airplane which may ciarry asymmetric stores in operational use.

The amount and sophistication of instrumentation will depend on the purpose
and scope of the evaluation. A good, meaningful qualitative investigation can be
pertormed with only production cockpit instruments and portable
instrumentation-hand held force gauge and stopwatch. Automatic recording devices,

such as oscillograph, magnetic tape, and telemetry, are very helpful in
rapid data acquisition and may be essential in a long test program of
guantitative nature. Special semsitive cockpit instruments are also very
useful, not only aiding in rapid data acquisition, but also aiding in
stabilization for equilibrium test points. The parameters to he recorded and

test insirumentation will vary somewhat with

The final step in preflight planning is the preparation of pilot data cards. An
example of a lateral-directional stability and control data card is shown in Figure 55.
Most test pilots desire to modify data cards to their own requirements or construct
data cards for each test. At any rate, the.data cards shou!d list all quantitative
information desired and should be easy to interpret in flight. Blank cards should be

used for appropriate qualitative pilot comments.
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The Qualitative Phase of the Evaluation
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The mere measurement of lateral-directionai stability and control
characteristics, although important, will have iittle meaning ynlegs the test pilot can
relate the influence of these characteristics on mission accomplishment. Therefore, a
portion of the lateral-directional fiying qualities evaluation must be devoted to

performing or simulating the mission tasks under investigation. While performing

. these tasks, the test pilot forms the essential gualitative opinion of the

lateral-directional flying qualities and should assign a “pilot rating.”” This opinion

R

will be based on thn amount of attention and effort the pilot must devote to ““just

flying the airplane.” Due regard should be given during this phase of the evaluation

.‘_ﬁ'_". PR I

’ to the following considerations:

I 1. Whether the mission task will be performed in VFR and IFR weather or
strictly VFR conditions.

2. The amount of time and effont the pilot must devote 1o duties other than
I “just flying the airplane” - duties such as setting up a weapons system,
coordinating multiplane tactics, communicating with other aircraft or a

L~ conirolling station; etc.

3. The availability of an autopilot or automatic fiight control system for

pilot relief.

i 4. |If stability or control augmentation are installed, the consequences of

their failure,
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The test pilot’s qualitative opinion of the airplane’s lateral-directiorial flying
qualities in relation to selected mission tasks is the most important infermation to
be abtained.

Lateral-Directional Trimmability. Trimmability is conveniently

evaluated during the qualitative phase of the investigation. Lateral-
directional trimmability is indicated by the ease with which lateral and
directional control forces are reduced to zero in wings-level, steady
heading flight and the ability of the airplane to maintain a trimmed
condition. It is directly influenced by the major static lateral-directional
stability characteristics: directional stability, dihedral effect, and
sideforce characteristics. If the airplane is difficult to trim in wings-level,
steady-heading flight and does not readily maintain the trimmed condition,
the reason could very well be weak or negative static directicnal stability
and/or dihcdral effect. Weak sideforce characteristics may result in the
pilot inadvertently trimming the airplane intoc a wings-level,
steady-heading sideslip if the ball of the needle-ball instruinent is the only
cue available for trimming. Of course, lateral-directional trimmability is

alsc influenced by the rate of operation and sensitivity of the lateral and

directional trim system as well as the physical location and ease of

operation of the trim devices in the cockpit.

Trimmability, and especially long-term trim holding, will be affected

by the mechanical characteristice of the ai

T
! system. Foi

example, an airplane with poor, nonabsolute lateral control centering will
be difficult to trim to wings-level, steady flight, and will not readily return

to its trimmed condition following a lateral input.

The trimmability determination is qualitative. The test pilot should attempt to
tim the airplane precisely in wings-level, steady-heading flight by using the ball of
the needle-ball instrument as a cue for trimming. The inherent sideslip in the
trimmed condition should then be noted if a sideslip indicator is available. The

controls of the airplane should then be released to evaluate the airplane’s ability to

maintain the trimmed condition.
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After trimming the airplane, the test pilot may utilize two ‘“‘qualitative test
techniques” which should provide further information about the lateral.directional

characteristics. (These techniques may also be utilized for a quick evaluaticn of a

particular configuration if insufficient flight time is available for guantitative -

measurements.)

Rudder-Qnly Turns. The airplane should be trimmed for wings-level,
steady-heading flight. Maintaining trim constant, the pilot then enters and maintains
turns by use of rudder-only inputs. The bank angles utilized during this evaluation
should not be excessive since the directiona! control system alone cannot be
expected to generate and maintain tums at iarge bank angles where the turn is

manifested rnore by pitching motion than by yawing motion. Turns with bank

angles up to 30 degrees are generally considered adequate. Airspeed should be
maintained at trim with longitudinal control or trim inputs (if necessary) and
allowed to vary for a portion of the evaluation. The lateral control system floating
characteristics should be noted, if appropriate. If aileron float is observed,

rudder-only turns should be performed with the ailerons restrained in the trim

position as well as with controls free.

The information available from the rudder-only turn test is considerable and is

presented below. The information generally considered to be most important is
indicated by an asterisk.

*1. Suitability of the directional control system as ar alternate lateral control

system. The pilot may desire or may be required to use rudder-only turns

in certain circumstances, such as:

a.  Cruising flight during which the pilot’s hands are occupied with other
tasks.




Flight conditions during which lateral control inputs generate
uncomfortable yawing moments.

c¢. Emergency situations involving lateral control system malfunctians.

*2. Strength of the dihedral effect, as indicated by the rolling motion when

sideslip is induced by the rudder input. However, the test pilot must keep
in mind that the roll response to a rudder input depends not only on

dihedral effect, but also on the rolling moments generated by yaw rate

T
v

A8 * SO

i (Cﬂr ), and rudder deflection (C%r ). The relative significance of
lE'l Ce, increases with increasing wing span and decreasing speed. At
TN .

L typical STOL approach speeds, it may be a very important

derivative.

3. Qualitative indication of Dutch roll frequency and damping. Since the roll

T

response 10 @ rudder input is manitested through the Dutch roll mode of

metion, the pilot must excite the Dutch roll during rudder-only turns,

4. Nature of the spiral mode of motion, as indicated by the rudder position

required in the steady (constant bank angle) rudder-only turn,

:
®

5
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Aileron-Only Tums. The airplane should be trimmed for wings-ievel, steady

heading flight. Maintaining trim constant, the pilot then enters and maintains turns

. with aileron-only inputs. Turns with bank angles up to 45 degrees are generally
' considered adequate. The rate of control input and amount of control deflection

should be varied. Airspeed should be maintained at trim with longitudinal control or
- trim inputs (if necessary}. The directional control system floating characteristics
! should be observed, if appropriate. If rudder float is observed, aileron-only turns

should be performed with rudders fixed and rudders free.
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The information available from the aileron-only turn is presented below, with

the information generally considered to be most important indicated by an asterisk.

*1. Ease of entering and maintaining coordinated turns. During vigorous
maneuvering tasks requiring rapid bank angle changes and turn reversals,
the airplane which requires little rudder coordination will, all else being
equal, be more acceptable to the pilot than the airplane which requires

extensive use of the rudder.

M

Yawing moments generated by iateral control deflection and roll rate, as
indicated by the motion of the airplane’s nose, the turn needle, the
heading indicator, or a sideslip gauge during the entry into the

aiieron-only turn.

3. Dutch roll excitation during a bank angle control task with aileron-only

inputs.

4. Nature of the spiral mode of motion, as indicated by the aileron

requirement in the steady (constant bank angle) aileron-orly turn.

Afier performing the qualitative phase of the evaluation, the test pilot should
have some ideas as to the particuiar characteristics which make the airplane gasy or
difficult to fly. Use of the quantitative techniques described below hopefully allows
the test pilot to substantiate his qualitative opinion. The results of all the qualitative

and quantitative tests must be correlated in order for the test pilot to accurately

analyze the lateral-directional characteristics.




Measurement of the Mechanical Characteristics of the Lateral-Directional Control

System

Mechanical characteristics of the lateral-directional control system have a major
influence on lateral-directional flying qualities. The mechanical characteristics to be

evaluated are defined as follows:

1. Breakout, including friction: The lateral or directional cockpit control
force from the trim position required to initiate movement of the

respective control surface.

2. Freeplay: The lateral or directional cockpit control motion from the trim
position required to initiate movement of the respective control surface.
3. Centering: The ahility of the laterai or directional contro! sysismi io
returm to and maintain the original trimmed position when released from

any other position.

4. Control System QOscillations: Oscillations in the lateral-directional control

system resulting frorn external or internal disturbances.

Erictiop in the iateral and directional
control system is unavoidable, however, it should be kept as low as possible. Some
amount of breakout force is generally beneficial, but too much results in undesirable
characteristics. Breakout forces aliow the pilot to rest his hand and feet on the
control stick and rudder pedals without introducing inadvertent lateral and
directional control inputs - this characteristic is particularly important in turbulent
air. However, brezkout forces must be suitably matched to the lateral and

directional control forces experienced after overcoming the breakout forces.




== RTINS

1t should be obvious that breakout force can never be measured alone, unless
there is zerc friction force. Therefore, breakout forces, including friction, are
measured at the trimmed conditions of the test. Directional breakout forces,
including friction are measured or estimated in flight by carefully stabilizing at the
trim condition, then applying slow and smooth rudder force inputs until movement
of the rudder controi surface is detected. Movement of the rudder can be detected

by visually observing rudder movement, use of a rudder position indicator, or by

observing airplane responge. Lateral breakout forces, including friction, are measured
in flight with the hand held force gauge by carefully stabilizing at the trim
condition, then applying slow and smooth laterzal force inputs until movement of the
sileron is detected. This movement can be detected by visually observing airplane
response, VWhen the airplane response is utilized as a cue for rudder or aileron
movement, caution must be exercised because the airplane will require a finite time

interval to respond to the control surface movement. If automatic recording devices

are utiiized, breakout forces, including friction, may be

roim ihe recording

traces.

Breakout, including friction, may be measured on the ground for airplanes
equipped with irreversible control systems where control torces are merely functions
of conwro! deflection. However, ground measurements should be checked with

inflight measurements, it is obvious that inflight measurements at the trim condition

4
0

are only means of acouraieiy determining breakout, including friction, for the

re
W

reversible control system.

Freeplay, Freeplay in the lateral and directional control systerns should be as
srall as possible. Excessive freeplay may cause difficuity in performing precise
maneuvers such as instrument approaches and tracking. Freeplay, expressed in
inches or degrees of lateral and directional cockpit contral movement, is measured in
flight at the trim condition much the same as breakout, including friction, was

measured. Ground measurements may also be made for irreversible control systems.
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Centering. The lateral and directional control systems should exhibit positive
centering in flight at any stabilized trim condition. Poor centering can result in
objectionable itracking characteristics and/or large departures in sideslip or bank
angle without constant pilot attention ta airplane control. Centering is qualitatively -
evaluated in flight at the trim condition by smoothly displacing the lateral and
directional cockpit controls to various positions and observing their motion upon

release. Irreversible control system centering characteristics may be evaluated on the
ground.

ontrol ni illations. Oscillations in the lateral and directional control
systems, initiated by either extemal perturbations or pilot action, should not result
in objectionable oscillations in sideslip or roll rate, nor should there by any
objectionable structural vibrations created. Damping of the respective control
systems is measured in flight by abruptly deflecting and releasing the cockpit

cchtrals and observing the resulting motion in the control suiface ur the cockpit

-controls. These abrupt inputs may be described as rudder “kicks'” and lateral stick

“raps.” Use of automatic recording devices or a cockpit mounted control position
indicator aids in data acquisition. If these are not available, and the pilot is unable to

visually observe the aileron or rudder control surfaces, the test pilot must
resort to observing the motion of the cockpit control stick or rudder

pedals. No objectionable oscillations of either the cockpit controls or the

airfra.ne control surfaces should be present during maneuvering flight or in
turbulence. It must be remembered that motion of the cockpit controls
may or may not be good indications of the motion of the aileron or rudder
surfaces. Irreversible control system oscillation characteristics may be

checked on the greund; however, these characteristics should be evaluated

in flight to insure there is no coupling between airplane motion and control
system dynamics.
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Measurement of ic 1-Directional Stability Characteristics

The steady heading sideslip test technigue is conveniently utilized to obtain
important relationships which have a major influence on lateral-directional flying -
qualities. 1t is not performed primarily to determine the feasibility of the maneuver
in_operational_use, although this determination is obviously a by-product. The
information available from the steady heading sideslip test is considerable and can be

divided into primary and secondary areas of importance.

The primary parameters to be obtairied from the steady heading sideslip test
are rudder position, rudder force, aileron pocsitior, aileron force, and bank angie.
The rudder position and rudder force variations with sideslip angle, sometimes
referred to as directional stability, rudder-fixed and directional stability, rudder-free,
respectively, have a major influence on the pilot’'s opinion of the directional

“stiffness”” of the airplane. These variations provide absolutely no information about

al —x

. ar .. . o me= . : - ~n
the magnitude of ihe stalic directional stabiiity derivative, ¥n g unless numercus

4]

other parameters, such as directional control power, C"ar , are known. However, if
the variations are pgsitive, such that right rudder pedal force and trailing edge right
rudder deflection are required in left sideslips, and vice versa, the directional
stability derivative, CnB , Is known to be at least positive, Positive rudder position
and rudder force variations with sideslip angle are a basic airplane design
requirement which allows the pilot to perform various mission tasks without
entering uncontrollable - and possibly catastrophic - flight conditions. In addition,
positive variations contribute to good lateral-directional trimmability and
maintenance of the trimmed condition. However, rudder control forces and rudder

positions required to induce or control sideslip should not be excessive within the

range of sideslip angles required in normal or emergency operationai conditions. The
pilot is continuaily conironted with situations during which he must use or control
sideslip with rudder control or trim inputs. Some of these situations are: crosswind

take-offs and landings, flight with asymmetiic externai stores or asymmetric power,
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rudder-only tums, rudder coordination during turns and rolling manieuvers, etc, The
particular rudder force and position variations desired in any airplane depend on the
mission of the airplane and the multitude of piiot tasks required in missien
accomplishment. Plots of rudder force and position versus sideslip angle should be -
essentially linear and should exhibit stable local gradients within a reasonable
sideslip angle variation from trim. For larger sideslip angles, an increase in rudder
deflection should always be required for an increase in sideslip angle. Lightening of
the rudder forces at high sideslip angles may be acceptable; however, the forces

should never reduce to zero or reverse, i.e., no “rudder lock’’ should be encountered.

Aileron position and aileron force variations with sideslip angle, sometimes
referred to as control-fixed dihedral effect and control-free dihedral effect,
respectively, have a maior influence on lateral-directional trimmability and the ease
with which the pilot can controi bank angle with rudder inputs. These variations
provide absolutely no information about the magnitude of the dihfdral effect. C?..B :
unless numerous other parameters, such as aileron control power, \,%a , are kno vn.
However, if the variations are negative, such that left lateral contro! force and left
iateral cockpit control position are required in left sideslips, and vice varsa, the
stability derivative, CR,B , is known to exhibit a negative sign. This results in positive
dihedral effect, i.e., the airplane tends to roll opposite to the induced sideslip. Some

degree of positive dihedrai effect, as indicated by aileron control force and aileron

-

position variation with sideslip angle, is desirable for satisfactory lateral-directional

flying qualities. However, positive dihedral effect should not be so strong as to
require excessive aileron force or deflection to control bank angle i sideslips. In

addition, the variation of aileron control force and position with sideslip angle should

be essentially linear.




Bank angle variation with sideslip angle in steady heading sideslips is indicative
of the sideforce characteristic. Positive sideforce characteristics, as indicated by left
bank angle requirement in left sidésiips, and vice versa, are necessary for satisfactory
lateral-directional flying qualities. The usefuiness of the ball of the needle-ball
instrument as a valid reference for trimming the airplane (with little inhevent
sideslip) in wings-level flight and for performing coordinated turns (with little
sideslip) depends on sidefarce characteristics. Airpianes exhibiting weak or zero
bank angle variation with sideslip angle (in steady heading sideslips) are easily
inadvertently trimmed and flown in wings-level, ball-centered steady heading
sideslips. The pilot will be perfectly happy with this state of affairs until the
increased drag caused by the inherent sideslip begins to upset his fuel-used
calculations in a long-range-cruise task, or until difficulty is experienced in aligning
the airplane longitudinally with the runway or carrier centerline during night or
iow-visibility approaches. Additionally, weak or zero sideforce characteristics result
in the bail and “seat-of-the-pants” feel lasing their sianificance as indications of turn
perfection; as a consequence, large sideslip angiss may be developed even though
the pilot keeps the ball centered and feels no sideward accelerations during turns. In
general, an increase in right bank angle should accompany an incraase in right
sideslip and an increase in left bank angle should accorwpany an increase in {eft
sideslip. It is theoretically possible for a symuwetrical airplane to possess

negative trimmed sideforce characteristics, but such an airplane is unlikely

to be encountered in practice, though airplanes im which the sideforce
characteristics are very weak or approach zero do exist. On the other hand,

asymmetric thrust or store drag can easily generate a requirement for bank

away from the sideslip angle for equilibrium.
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Secondary parameters obtaingd from the steady heading sideslip test are
longitudinal contro! force, rate of descent, and indicated airspeed error. Fitching
moments or longitudinal trim changes generated by sideslip are manifested to the
pilot through the longitudinal control force {and incremental change in elevator or
E longitudinal control pesition) required to maintain airspeed constant in the steady
heading sideslip. Excessive longitudinal trim changes with sideslip angles narmelly
utilized in operational usage would place excessive dermands on pilot attention arnd
coordination. l.avge rates of desceni and indicated airspeed errors with sideslip
angles empioyed in operationa! ilight procedures would be undescirable, if not

dangerous, characteristics.
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Two test techniques will now he presentad for evaluating static

lateral-directional stability characteristics in steady ncading sideslips.

{ tabilized Steady Heading Sideslips. The stabilized steady heading sideslip test

technique is performed as follows:

1. Stabilize and trim carefully in the desired configuration at the desired

flight condition. If using automatic recording devices, a ‘‘trim shot”

should be taken. Record appropriate trim data such as power setting, trim
settings, trim lateral and directional control pusitions, fuel quantity, rate

or climb or descent, and inherent sideslip angle.

2. The first sideslip at each predetermined rudder pedal deflection is
performed soiely to determine if any indicated airspeed error is induced

by sideslip. This is accomplished by establishing the sideslip, stabilizing,

v
L8
it

then quickly returning the controls to trim and noting any increase or

which do not exceed + 2% VTRim mMay be neglected. Indicated airspeed
is varied to compensaie for significant errors in subsequent sideslips. The )

!

!

i

;._ ) decrease in airspeed as the sideslip angle decreases to trim. Airspeed errors
0

|

E proper airspeed to utilize is quite easiiy recognized during the test. .

[

W

Estabiish each stabilized strady heading sideslip by smoothly applying the
,,g predetermined rudder pedal deflection while simultaneously feeding in
lateral and long tudinal control inputs to main.ain steady heading and the
l-;i correct airspeed. If the airplane exhibits positive directional stability,
positive dihedral effect, and positive sidefarce characteristics, the pilot
‘ will observe that, in the stabilized steady heading sideslip, right rudder
: inputs, left lateral control inputs, and left bank angle are required with
left sideslip anales, and oppgsite parameters are required wiih right

sideslip angles.




g.  Longitudinal control force and vertical speed. Longitudinal centrol

forces may be measured with the hand heid force gauge.

€. §f a sideslip indicator is not available in the cockpit, the directional
indicator may be used to estimate sideslip angles. While stabilized in the
steady heading sideslip, note the airplane heading after recording all
parameters except sidesiip. Then, quickly return the controls to trim and
stabilize in the original wings-leve! condition. Again, note the airpl
heading. The differecnce between the heading noted in the sideslip and the
heading noted aftei reieasing the sideslip is approximately the sideship

angle induced in the steady heading sideslip.

7. Steady heading sidestips are normally performed at increments of
Qne-quarter rudder deflection, alternating direction of rudder inputs until
full rudder deflection sideslips are nerfarmed in both directions, Sideslip
angles should be increased until:

a.  Full rudder pedal deflection is reached.

b, Rudde forces reach 250 pounds.

urn aleron conirol or defiection is reached.

o
g
&
>
c

Obvicusly, it “rudder lock’ or ntier unusual circumstances are encountered, the test

may be terminated shart of these limits.

or 8. Altitude should be within + 2000 feet of the predetermined test altitude

during the measuren-ents. Since increased drag will be generated on the

airplang during the sideslips, it may be expeditious to start a series of

\\. sidesiips gbove the predeterimined test aititude.
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Maintenance of steady heading in the stabilized sideslip is critical if valid
data are to be obtained from this test. There are several cues available to

the pilot for maintenance of a steady heading. There are the turn needle,
the dircctional indicator, and visual references. A steady heading .

sideslip may best and most easily be established by using primarily
external references with final cross checking against the

directional gyro and the turn needle.

If using automatic recording devices, take a picture of the stabilized
steady heading sideslip. Appropriate cockpit data should then be
recorded. Since the parameters to be recorded are considerable, a

suggested order of noting and recording data is as follows:

a. Rudder pedal force. If estimating rudder forces, mentally note the
force as soon as the sideslip is stabilized before the leg becomes

fatinuan
Sy

. 2%

b. Rudder position (either estimated or from control position

indicators).

c. Lateral control force. This parameter may he measured with a hand

held force gauge.

d. Aiieron position (if available) or lateral cockpit control position.
Cockpit control position may be measured roughly with various
portable instrumentation - tape measure, calibrated string,

calibrated yoke, etc. - if no cockpit indicator is available.

e. Bank angle.

f.  Sideslip angle, (A qguite accurate method for estimating sideslip if no

sideslip indicator is available is presented in paragraph 6.)
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Transient Steady Heading Sideslips. If automatic recording devices are

available, the transient technique may be utilized to quickly obtain static

lateral-directional characteristics. It is also a good “quick look’ gqualitatitve

technique even without automatic recording devices. It is performed as follows:

.(aj)

Stabilize and trim carefuily at the desired flight condition. Record a “’'trim

shot” with the automatic recording devices. Record appropriate cockpit
data,

Actuate the automatic recording devices and very smoothly and steadily
enter the steady heading sideslip. Using constant rate rudder inputs,
increase sideslip slowly, simultaneously applying lateral control inputs and

banking in order to maintain_steady heading. Use longitudinal control

inputs, if necessary, to maintain constant trim airspead.

increase the rudder input to full deflection {or other limiting factors),
then decrease rudder input at the same slow rate, After returning the
airplane to the original trim condition, continue by applying rudder in the

opposite direction to full deflection, then back to trim,

Actuate the event marker at various sideslip angles or rudder deflecticns,
if desired, to aid in data reduction. Deactivate the instrumentation after

returning to the original trim conditions.

For the optimum results from this test, the rate of change of sideslip must

be very slow; 1/2 degree per second or less yields excellent data.

Maintenance of steady heading is again critical for this test. The test pilot
must continually cross-check all references available in order to keep the

heading constant throughout the process.
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Measurement of Dynamic Lateral-Directional Stability

Characteristics - The Spiral Mode

Spiral Stability, Characteristics of the spiral mode of motion have some
influence on overall lateral-directional flying qualities, although the influence is
generaily small in relation to other contributions. The pilot generally is satisfied if
the spiral mode is neutral, convergent, or slightly divergent. However, if the spiral is
very divergent, such that bank angle changes resulting from external disturbances or
inadvertent control inputs build rapidly, the pilot is required to devote some
attention to controlling the spiral motion.] Therefore, the time duration which the pilot
can devote to other duties are correspondingly shortened. A very divergent spiral
mode can make Iong range cruising flight and instrument approaches or departures

extremely frustrating for the pilot, particularly in turbulent air.

A divergent spiral mode normally is accompanied by longitudinal trim changes
resulting from airspeed increases. These airspeed changes may cause
corresponding changes in some speed-dependent stability derivatives (CLB,
C ir) which may alter the spiral characierisiics. Diiferent spiral
characteristics m. y be observed if airspeed is allowea to vary instead of

restraining it at trim.

Propeller-driven airplanes may exhibit different spiral characteristics in left and
right turns. This phenomenon may be attributed to various peculiarities of
propeller-power flight, such as the manner in which the slipstream impinges on the
components of the airpiane and the change in siipstream pattern with sideslip

direction.

1Obviously, an autom: tic flight control system or autepilot can relieve the pilot of
this duty.
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! The characteristics of the spiral mode to be determined are the nature of the
motion (convergent, neutral, or divergent) and the rate of convergence or divergence
(if applicable). These characteristics may be obtained very simply from a time

history of bank angle after the spiral motion is excited. The test is performed as

follows:

1. Stabilize and trim very precisely in the desired configuration at the desired -

E flight condition.

2. Restrain the lateral control rigidly in the trim position and establish a

small bank angle {at least 5 degrees, but not more than 20 degrees) by one
l of the following means: a very small rudder input, a slight power
reducticn on one engine of a multiengined airplane, opening a cowl flap or
oil cooler door on one engine of a multiengined airplane. Lateral control
5 inputs are usuaily not used to establish the bank angle because of the

difficulty in returning the lateral control to tnim and the subsequent
significant rolling moments generated. However, this is not a hard
and fast rule as in some airplanes it may be easier to ensure the
I return of the ailerons to a precise trimmed position than to do the .
same with the rudder; for example, if the centering is obvicusly
better in the aileron circuit. Clearly the important point is to

minimize, or eliminate if possible, any contamination of the spiral

g mode with residual control deflections. After establishment of the
I[ steady bank angle, return the rudder pedals, power setting, cowl

‘l flap, or oil cooler to the original trim position and release the

cockpit controls. Cominence recording a time history of bank
) angle, utilizing a 60 second sweep stopwatch and the attitude gyro.
When sufficient data is obtained, recover to wings-level trim

conditions and repeat the procedure with opposite bank angle.

3. By releasing the cockpit controls completely, the pilot observes the
combined effects of the spiral mode, longitudinal trim change, and control

system characteristics on the spiral motion. This motion is often seen in

the operational environment when the pilot releases the control stick to
’ perform other tasks in the cockpit. |f pure spiral mode data is desired,

trim airspeed should be maintained with longitudinal control inputs. s
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4. Precise initial trim, particularly lateral trim and smooth air are necessary

if vaiid guantitative data are to be obtained from this test.

Measurement of Dynamic Lateral-Directional Stabiiity

Characteristics - The Dutch Roli Mode

Since the airplane responds in yaw through the Dutch roll mode fjust as
it responds in pitch through the short period oscillation), every time it is
disturbed in yaw, either externally or by pilot inputs, the Dutch roll will be
excited. The pilot seldom needs to make appreciable rudder inputs except
for certain special conditions such as flight with asymmetric power {(or
stores), crosswind landing, controlling bank angle by means of rudder, etc.
Nonetheless turbulence and pilot control inputs (especially lateral inputs if
significant aileron yawing moments exist) will continually excite the Dutch
roll inadvertently. Therefore, it is frequently referred to as a "nuisance" or
"annoyance"” mode. When tne Dutch roll is excited, the resulting
oscillations in sideslip, bank angle, and lateral motion must be suppressed
by one or a combination of the following: aerodynamic characteristics of
the airplane, stability augmentation, pilot control inputs. Damping,
frequency, and roll-to-yaw ratio of the Dutchk roll, or lateral-directional
oscillation, have profound eifects on overall lateral-directional flying
qualities. During critical mission tasks requiring precise flight path control,
precise tracking, and/or rapid maneuvering, a satisfactory combination of

Dutch roli characteristics is mandatory for satisfactory mission
accomplishment.

Unfortunateiy, difficuity is experienced in defining and describing satisfactory
combinations of Dutch roll damping, frequency, and roll-to-yaw ratio. The optimum
combination for a particular airplane obviously depends on the mission of that
airplane and the various mission tasks involved. Additionally, pilot technique has a
large influence un the acceptability of particular characteristics since the pilot can
use any combination of lateral and directional control inputs. The pilot’s technigue

thus influences the pilot's opinion. The generalizations which follow concerning the

influence of various Dutch roll parameters must be accepted as generalizations only,
since they may not be appropriate to a particular sit: ation.
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> Dutch Roll Damping, The damping of the Dutch roll motion is probably the
most important Dutch roll characteristic to be considered. Over & wide range of
Dutch roll frequencies and roll-to-yaw ratios, the pilot will probably find the

lateral-directional dynamics acceptable if the Dutch roll motion is well damped. The

parameter, g4, is the damping ratio of the second-order lateral-directional, or Dutch

roll, moticn. lts value strongly affects the time or dynamic response of the airplane

to a rudder or aileron input or lateral gusts. The following rationalizations may be

. made concerning the influence of wvarious Dutch roll damping ratios on

lateral-directional flying qualities.

1. For very low to low damping ratios - the iateral-directional oscillation
may be easily excited by pilot control inputs or external disturibances.
Once excited, the yawing, rolling, lateral translational motion tends to
persist for a relatively long period of time. This persistent motion can

cause extreme discomfortand induce airsickness in passengers and crew of

’

[
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transport airplanes as well as degrade aiming accuracy for high-altitude
bombing tasks in heavy or tacticai bombers. When the pilot attempts to 9,
maneuver vigorously and simultaneously maintain an air-to-air or
air-to-ground tracking picture, the lightly damped Dutch roll motion may
completely preclude precise weapons delivery, particularly in rough air.
During the landing approach in instrument or visual conditions, serious

heading control problems can be generated if the damping ratio of the

SR Saaat” o8

Dutch roll motion is too low. The pilot will probabiv desire 10 2ttompt to

suppress the motion with lateral or directional control inputs if the

damping ratic approaches zero. The success the pilot realizes in personally
damping the Dutch roll wil! depend largely on the frequency of the

L motion and other factors such as the roll-to-yaw ratio and the

phase relationship between the roll and yaw components of the
motion,

N

tor low to mederate Dutch roll damping ratios - the lateral-directional

¢ oscillation may be excited but will be very noticeably damped, although

still apparent. The pilot should be able to perform maneuvers involving
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precise heading and bank angle contro! with little difficulty attributable to
Dutch roll damping. During vicorous mgneyyering :involving large,
repeated laterai and directional control inputs, noticeable and possibly
objectionable yawing and rolling osciliations may be generated. The pilot
wiil prcbably feel no neea to augment ratural Dutch roll damping with
centrol inputs since the motion subsides fairly rapidly if the controls are

merely fixed or relzased.

3. For moderate to heavy Dutch roll damping ratios - the lateral-directional

oscillation may not even be apparent to the pilot. The pilot wiii probably
feel ver:s secure in maneuvering the airplane vigorously since no noticeable
oscillaticns in yaw or roll are generated. if the Dutch roll damping is very
heavy, the airplane will be slow responding to rudder inputs or external
disturbances. The pilot may find this sluggish directional response
@- objectienabile during maneuvering. In addition, heac\;/y damping of the
Dutch roll and heavy yaw rate damging {large “r ) are generally
analogous, therefore, the pilot may find tnat the pudder reguirement in
coordinated tums is excessive if the Dutch roil is 199 hzavilv damped.

Dutch Rol! Freg.ency. The parameter, “Hd . is the damped frequency of the
second-orcer, lateral-directional mode of :notiosi. if it i a real, positive number, it is
directly reiated 5 the frequency, or quickness, with which the zirplane respands to
& rudder input o, lateral gust disturbance. Obviously, this damped frequency hes a

major influence on lateral-directinnal flying qualities. However, the damped

frequency is dependent on damip ng _ratio at well as the undarped patural
( freguency. Therefore, Dutch roii chaiacteristics are conve. iently expressea in terms
N o. he undamped naturai frequency, ‘“nd . and, of course, tne damping ratio, ¢ 4. f
The following generalizations may be; made concerning the effect of

| various Dutch roll mnatira: ‘requencies on lateral-directional flying

qualities.

P Om

V-107




)

R A .

For very_low to fow “nq values - the pilot may experience large sideslip
excursions when yawing moments are generated by lateral control inputs,
roll rate, rudder inputs, lateral gusts, etc. This is due to the close
relationship between Dutch roll natural frequency and directienal -
stability. Since low “ny and low directional stiffness are generally
analogous, the pilot will probably expend considerable effort in

maintaining a desired heading for low frequency Dutch roll situations.

Because of the siow initial response associated with the low frequency
motion, the pilot may experience difficulty in determining the steady

state or final magritude of the motion. This lack of predictability makes

precise and rapid heading corrections virtually impossible. Because of the
low directional stiffness, the pilot will use freguent rudder inputs in order
to compensate, i.e., the pilot becomes a stability auamentor. Increasing
the Dutch roll damping ratio probably will not improve the situation
measureably if the frequency is very low; the primary objectionable
feature associated witih the very low frequency is not the osgillatory
motion but the weak directional _stiffness, 1f the frequency is a bit higher,
increasing the Dutch roll damping may improve the situation somewhat.
For some missions and mission tasks, very low Dutch roli natural
frequencies may be tolerable, as lcng as at least some level of positive
directional stability is present, i.e., “’nd > 0. If the airplane is always
maneuvered slowly and smonthly, the ni il probably not object 1o
the slow initial response. The very large transport, passenger, or heavy
bomber airplanes, with very large yawing moments of inertia, may be
characterized by very low Dutch roll natural frequencies. Since these
airplanes do not require extensive maneuvering for mission

accomplishment, low Dutch roll natural frequencies may have no

dgrogating ir.fluence.
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2. For medium tQ high ¥ ng values - the response of the airplane for turns
and heading corrections is ganerally satisfactory, while the sensitivity 10
lateral gusts should not be excsssive. Because of the corresponding
medium to high directional stiff;.2zs, the pilot finds that few rudder inputs
are required to control sid :slip. Directional trirrmability is also enhanced.
Every correction made duiing the trimming task takes less time and comes
to a completion faster., This gives the pilot the feeliffg that he knows
exactly what trim coirection is necessary. In other words, the airplane’s
directional trim point is well defined and corrections te the trim point are

quickly accomplished.

3. The very high Dutch roll natural frequency - may cause the wirplane 1o
he oversensitive and responsive directionally to rudder inputs and lateral
gusts. During precise maneuvers requiring close control of heading or nose
position, the very high frequency Dutch roll can precipitate annoying,
uncomfortable, rapid excuisions in sideslip, roll, and lateral transiation. If
the pilot tries to damp 2 very high frequency, lightly damped Dutch roll
moticn with control inputs, he is likely tc get out of phase with the rapid

oscillations, reinforce them, and drive the motion divergent.

Roll-to-Yaw Ratio, The parameter, ¢ , is the ratio of the bank anale envelops
B

to sideslip angle envelope during the Dutch roll motion, or simply the roll-to-yaw
ratio. Roll-to-yaw ratio has some infiuence on pilot technique during bank angle
control tasks and rolling maneuvers, and may significantly influence the pilot’s
opinion of the maneuvering capabilities of the airplane during these tasks. The
degree of roll disturbance or the sensitivity of the airplane in roll to rudder inputs
and lateral gusts is directly proportional to this parameter. The following
generalizations may be made concerning the influence of various magnitudes of
roll-to-yaw ratios on overall lateral-directional flying qualities. (Roli-to-yaw ratio of
the Dutch rcll motion will be further discussed in a subsequent section on roliing

performance and roll handling qualities.)
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If the roll-to-yaw ratio is low - the Dutch roil motion is manifested more
in yawing than in rolling. If the ratio is very low, so that the motion
approaches pure ‘““snaking,”’ the response of the airplane to l!ateral qusts
wilt ne largeiy heading changes. The pilot may feel compelled to control
this gust response during maneuvers requiring precise heading control, ana
the rudders will be the contrel utilized. With low roll-io-yaw ratios, the
rolling moments generated by yaw rate and sideslip angle esccursions will
be small, therefore, the Dutch roll influence on vollirg performance wiil

probak:ly be small,

For medium roll-vo-yaw ratins - some rolling motion will be generated by
yaw rate and s:deslip argle excursions. If significant aileron yawing
moments ¢* yawing momerts dite to roll rate exist, the pilot will
provaviv be compelled ‘o ceordiaute aileren inputs with rudder
inputs tu kesp sideslip excursions small, minimize oscillatory
variations in roll rate, and realize maximuw rolling performance

frows tie airplane.

If the rollto-yaw ratio is high - considerable rolling moments witl be
generated by sideslip and yaw rate excursions. Rothna performance and
lateral handling quaiities raay be sericusiy impared unless the pilot utiiizes
rudder coordination effectively during maneuvering. The airplane wil' be
very responsive ard sensitive in roil to lateral gusts and rudder innuts;
bank angle rosponse to turbulent air may be very objectionable,
narticularly during maneuvering which requires precise batk engie control.
As the vii-to-yaw ratic increasee, the pilot will prebably demand
increased Dutch roll damging. This is due to the pilot usually beirig moie

sensitive 1o rojlresponse than sideship resennse..

V=110




v-" ;'m:r:r‘_ e

Dutch Roil iremen

o

The results of pilot opinion investigations based on in-flight and ground
simulator tests have reveazled that there are combrinations of Dutch roll frequency,
damping, and roli-to-yaw ratios which provide satisfactory lateral-directionai flying
qualities. These investigations showed that the product of the damping ratio and the

undamped natural frequency,Cd‘”nd , should be within the limits listed in table |.

:
:
A |
;

Fiight Phase Min baWny* Min®ng
Level Category Class Ming4* rad/sec rad/sec
A (CO and GA) v .04 - 1.0
A LIV .1 0.35 1.0
i - o, m G.19 0.35 0.4%*
[ 1 B All 0.08 0.15 0.4%*
[
, C I, O-C,
- . v 0.08 6.15 1.0
o-L, ml 0.08 0.10 0.4%%
Z All All 0.02 9.05 0.4%»
\ . 3 All All 0 - 0.4%»
I ]
‘-. ¥  The governing damping requirement is that yielding the larger value of {4,
N except that afq of 0.7 is the maximum required for Class III.
[.
K ** (Class III uirplanes may be excepted from the minimum Wp . requirement,
: subject to approval by the procuring activity, if the requirements of 3.3.2
4 through 3.3.2.4.1, 3.3.5, and 3.3.9.4 are met.
i A~
|r Note: Values of{g etc. in MIL-F-8785C are quoted to two decimal places.
\ Such accuracy may be obtainable with special instrumentation; however,
l that will not uysually be the case and, where trace records cannot be read to
f‘ better than about 5", results which imply an accuracy of 0.5% are claasly

s unjustifiable.

|
i
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The eftects of a high & ratio can sometimes have a significant influence on

. - B ) . :
rnission tasis. Reiatively large wank angle excursions resulting from sideslip can

maie tracking tasks or level flight in turbulence very difficult especialiy in airplanes

with low Dutch roll {requency and/or damping. In an attempt to improve -

the analysis of these proulems in airplanes with high é&— ratios, an
additional pavameter has been analytically determined from the rasulis of
pilot opinion investigations. This paraweter is the product of the squase of
the undamped natural frequency of the Dutch roll and the 9 ratic, ““:?nd {g)
If the valug of “’znd {d) g is greater than 20 (rad/sec)?, then the
minimum values of Lqthy 28 shown in fable I should be increased by the

following values:

Level 1 ~ Aly wag = 014 (b |$/B] - 20
Level 2 ~ Aly waq = 009 (ufy [$/B], 20)

Level 3 = Alg wag = 005 (g [4/8]- 201
with Wn, in rad/sec.

Techniques for Exciting Putch Roll MotigaforGuantitative
Measuremants, Two methods will be introduced for obtaining quantitative Dutch
roll characteristics. The method utilized for a particular Tiight test will depend on
the characteristics of the airplane, the requirements against which tested, and the

preference of the individual test pilot.

The rudder pulsinug technigue excites the Dutch roll motion nicely, while
suppressing the spiral mode if performed correctly. In addition, this technique can
be used to develop a large araplitud2 uscillation which aids in data gathering and

anaiysis, particularly if the Dutch rol! is heavilv damped. It is peiformad a3 tollows:
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Stabilize and trim carefuliy ir the dusired configuravicn at the desired

flight condition. If using automatic devices, take a “trim shot.”

Smocthly apply alternating left and righ. rudder inputs in order to excite
and reinforce the Dutch roll 1notion. Festrair: the lateral cackpit control
at the trim condition or meraiy release it. Coniiriue the cyclic rudder
pulsing unti! the desired magnitude of cscillatory mozvion is attained, then
smoothly return the rudder peditls to the trim position and release thein
or restriin them in the trim position. Simuitanequsly, aciivaie the
automatic recording devices and observe and record sppropriaie

parameters.

The frequency with which the cyclic rudder inputs are applied aepends on
the frequency and response characteristics of the airplane. The test pilot
must adjust the frequency of rudder pulsing to the particular airplane. The

maximum Dutch roll response «iil be generated when the ruddar pulsing
is in phase with the airplane motion, and the frequency of the
rudder pulses is approximately the same as the mnatural {undewmped)
frequency of the Dutch roll.

The test pilot shouid attempt to terminate the rudder puising so that the
airplane oscillates about a wings-level condition. This sheuld sHactively

suppress the spiral motion.

Obtaining quantitative informstion on Dutch roll characteristics from
cockpit instruments and visual observations requires patience, narticulariy
if the motion is heavily damped. However, if & sensitive sideslip ing cator
is available in the cockpit, the test pilot should be able to outzin a
half-cycle amplitude ratio from the sidesliv excursions. From this
parameter, an approximate damping rativ can be easily obtained!. The

Tsee “Analysis of Secand Order Recponses’’ in the introduction to this manual,
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sinie_requircd for a haif or fuil cycle can be measured wish 3 one - or

three-second sweep stopwaich, From these timoes, ths aoproximate

damped periad, damped frequency, and u:ndamped natural frequency can .

be derived, if desircd‘. It a siceslin midicator is not available, the turn
needle. of the needie-ball instrument can be observed to obiain

approximate Liali-cycle aniplitude ratio and damped periad.

The roll-io-yav: ratio oi the Duich roll motion is extramely difficult to
obtain accurately without auternatic recoraing devices. The ragtions are
genierally phased so thal the maxiimum roll and sideslip excursions dg not

occui _ simuitanegusly, Therefore, merely noting the maxiinum roll

excursion to maximur sideshp excursion for a given cycle will probakty
yield erronecus results 1 However, the test pilot should be able to obtain a
rough idea of the roil-to-yaw ratio bry observing the path of the airplane

wingtin__on _the herizon duving the Dutch roll oscillations, (A

wing-mounted boom or other protrusion, or a dot drawn on the side of
the canopy may also be used.) If the Dutch roll is manifesied in pure
“snaking”’, the roll-to-vaw ratio is, of course, zerc and the wingtip wil!
move only in the horizontal plane. If the roll-tc-yaw ratio is 1:1, the
wingtip will describe a circle on the horizon, etc. (Figure 58). If the
Dutch roll motion is heavily damped, the wingtip wil. descyibe
some fcrm Of distorted spiral. Under these conditions, the best
possible estimate of roll-to-yaw ratio may be no better than

"greater than 1:1," "approximacely 1:1" or "less than 1:1,"

1 See "*Analysis of Second Oruer Resp.onser " in tae Introduci.on to s manual.
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PATHS OF AIRPLANE WINGTIP ON HORIZON
DURING DUTCiH ROLL MOTION

7. If automatic recording devices zre available, the entirc Cutch roil motion

should be recorded and snalyred later {or accurate quantitative

information,
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The steady sideslip release can also be used to excite the Dutch roll; however,
the difficulty in quickly returning the controls to trim and the influence of the spiral

mode often precludes the gathering of good quantitative resuits. The rudder pulsing

technique usually produces much better Dutch roll data, The steady sideslip release |

technique is performed as follows:

1. Stabilize and trim carefully in the desired configuration at the desired

flight condition. If using automatic recording devices, take a ‘’trim shot.”

2. Establish a steady heading sideslip of a sufficient magnitude to obtain
sufficient Dutch roll motion for analysis. Utilize maximum allowable
sideslip, full rudder, or a comfortable rudder force input, Stabilize the
sideslip carefully and activate the automatic recording devices. Quickly,
but smoothly, return ali cockpit controls to trim and release them

(controls-free Dutch roll) or restrain them at the trim position

{controls-fixed Dutch roll}). (Both methods should be utilized.)
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|'] h DUTCH ROLL INFLUENCE CN ROLL
\ PERFORMANCE DURING PRECISION MANEUVERI(N
| The Dutch roll motion can have a significant influence on roil performance
! . during precision maneuvering. If the Dutch roll influence is severe, the pilot will find
it difficult or even impossible to precisely and accurately select a desired bank angle
during airborne tracking tasks. The parameter used to quantitatively evaluate this
I
"j Dutch roll influence is the ratio of the oscillatory component of roll rate to the
|
i average component of roll rate, _Egg;_‘ . The phase angle,q,B , was discussed
| Pav
K previously in the Theory section. The requirements are presented in Figure 58a.
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FIGURE 58a
ROLL RATE OSCILLATION LIMITATIONS

1 g_o_sg - a measure of the ratio of the oscillatory component of roll rate to the
av

) average component of roll rate foliowing a rudder-pedals-free step

' aileron control command:

‘ 2 'poSC Pit Py " z_p_l__
pa : ~ = me———

\l Zd' 0. Pav 7, ,.f73+2p2

|

l'. Y 5 0.2: fgﬁ‘_ = _f!..:.-ﬁz—-

| ) 5d .pAY .p’ - ..Pz

where P, P2, and pg are rol! raies at the first, second, and third peaks,
respectively.
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Before collecting quantitative data on the influence of ihe Dutch roll on roll

performance during precision maneuvering, preliminary tests must be conducted to
accurately determine: (1) the period of the Dutch roll oscillation, t4 , and (2) the
amount of aileron deflection required to produce a 60 degree bank angle change in

1.7 t4 seconds. Once these data are known, the test is performed as follows:

1. Stabilize and trim carefully in the desired configuration at the desired

flight condition. f using automatic recording devices, take a “‘trim shot.”

- I e e s M

Al A AR

. SN . ot
' PO . A R T

;_. 2. Activate automatic recording devices and abruptly appiy a step aileron
E' command up to the magnitude which causes a 60 degree bank angle
F’. change in 1.7 ty4 seconds, A chain stop or premeasured block can be used
!\_"’ by the pilot in the cockpit to accurately attain the required control stick
[

deflection,

The record of the roll should be analyzed after the flight for quantitative
data.

The pilot's gualitative evaluation of the Dutch roll influence on roll

performance should be performed during typical mission tasks.

TR AT
W
(’65

ADVERSE AND PROVERSE YAW EFFECTS ON PRECISION MANEUVERING
‘.
Obviously, there must be limits on the amount of proverse or adverse sideslip
B that is generated during maneuvering flight, Especially during precise tracking tasks,
‘ the pilot desires that the airplane be flown without excessive aileron and rudder
@

coordination. The more coordination that is required, the more difficult the pilot’s

a

job to stabilize quickly and precisely on a désired flight path,




For small inputs like those used in normal airborne tracking tasks, the

f’;'-:" parameter used to guantitatively determine the sideslip generated following aileron
control commands is the ratio of sideslip, AR, to a nondimensional constant, k. The

denominator k is defined as the ratio of commanded bank angle change in a given

time to the required bank angle change, where the time interval and the

required bank angle change are obtained from Tabie IXa, paragraph 3.3.4 of .

MIL-F-8785C, defining roll performance requirements.

k =
[ﬂ’_t:l_cgm_rn_mci__ (see Figure 68b).
(¢t] requirement

™
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SIDESLIP EXCURSION LIMITATIONS

Posc
Fav
the specification requirement only holds for small aileron deflections, i.e.,

A similar technique to that for measuring may be used; however,

up to those required to cause a 60 degree bank angle change in ty or 2

seconds, whichever is the longer. The constant k is then determined for

4

r. each maneuver as the ratio of the bank angle actually obtained in time t to
i

b the bank angle required by paragraph 3.3.4 of MIL-F-8785C in the same
Ej_. time t. Note that in general this time t will not be equai to tq or 2
Fa

i ¢ seconds.

[ The pilot's gualitative evaluation of the adverse or proverse sideslip

characteristics should be performed during typical mission tasks.
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DETERMINATION OF PHASE ANGLE
FROM FIIGHT TEST RECORDS

An example of how to determine the phase angle,l‘b‘3 , from flight test records

is presented in Figure 58c.
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Since the first local maximum of the Dutch roll component of the sideslip
response occurs at t = 2,95 seconds,
-Jao
v, = t, +{(n-1)360 = .
A 7, A

- 360

(2.95) = -303°

FIGURE 58c¢
DETERMINATION OF PHASE ANGLE
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POSTELIGHT P EDURES

As soon as possible after returning from the flight, the test pilot should write a
brief, rough qualitative report of the lateral-directional flying qualities exhibited
during the mission tasks under evaluation. This report should be written while the
events of the flight are fresh in the pilot’s mind. Qualitative pilot opinion,
appropriateiy related to the mission tasks under evaluation, will be the most

important part of the final report.

Appropriate data should be selected to substantiate the pilot’s opinion. The
data presentation introduced here is only suggested and may be maodified as desired
by the test activity. No matter what method is used, it should be clear, concise, and

complete,

Mechanical Charactaristics of the | ateral.Diractional Contrai Sustom

P ANSTNNY

Mechanical characteristics may be presented as shown previously in the
discussion of ““Test Procedures and Techniques - Nonmaneuvering fasks” in the
Longitudinal Flying Qualities Section. Merely modify the presentations to

encompass the lateral and directional control systems.

Static i.aterai-Directiorai Stability Characteristics.

Static lateral-directional stability characteristics are normally presented as plots
of rudder force and position, lateral control force and aileron position, bank angle,
and longitudinal control force versus sideslip angle. Rate of climb or descent and
airspeed error may be presented, if these parameters are significant. Gockpit coptrol
position and/or surface control position may be utilized, depending on the data
available. Typical data preserdation schemes are shown in Figures 59 and 60. The
data for Figure 60 were derived from automatic recording traces of a transient
sideslip technique, !t automatic data reduction facilities are available, sufficient data

points may be extracted to “‘shot gun” the data. It is apparent that ohiaining the

same plots by manual data reduction would be extremely laborious,
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Discussions of static lateral-directional stability characteristics in the report of
the test must be worded with care. The steady sideslip test results indicate the sign,
but not the magnitude of directional stabili'ty,CnB , and dihedral effect,C2,8 .
(Actually, if very unusual stability augmentation or control system gadgetry is
utilized, the tests may not even indicate the sign of the stability derivatives.)
However, the test results are still extremely important from a flying qualities
standpoint. The language of the report should reflect clearly the parameters which
were used as indications of the static lateral-directionai characteristics. For example,
the following introductory sentences might be used in the report: “Directional
stability, as indicated by the variations of rudder force and position with sideslip
angle in steady heading sideslips, was positive in all configurations tested;” “The
variation of lateral control force and aileron position with sideslip angle in steady

heading sideslip indicated positive (or negative) dihedral effect,” etc.

Dynamic Lateral-Directional Stability Characteristics - Spiral Stability

Spiral stability data are effectively presented as a plot of bank angle versus
time., Approprizte specification limits may be shown on the plot. A typical time

history is shown in Figure 61,
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Dynamic Lateral-Directional

Stability Characteristics - Dutch Roll Characteristics

The presentation of Dutch roli characteristics will be dictated by the amount of
data available. if the scope of the evaluation is limited, Dutch roll characteristics are
effectively presented in tabular form. An example is shown in Figure 62. If the
Dutch rolli motion was recorded on oscillograph, magnetic tape, or telemetry, the
actual trace, appropriately annotated, may be presented in the report. Sideslip angle

is the most desirable parameter to use in determining Dutch roll frequency and

damping, since it exhibits the pure Dutch roll response better than any other
. parameter. However, yaw rate may be utilized if the sideslip trace is not useable.

Sideslip angle and bank angle traces should be utilized to determine roll-to-yaw




ratio; however, yaw rate and rol! rate may be utilized as back-up parameters, In
order to clearly illustrate the procedure for determining roll-to-yaw ratio, the bank

angle and sideslip angle traces from typical oscillograph traces have been reproduces

in Figure 64.
l
!
P o ; ~ ‘ _""c 1 } : ! s’ (t# 4 !
' Altitude | Trim "roSs “n 'y AR T |
CONFIGURATION (ft) | Airspeed| CG Weight |Stab | 4, | L4 g (rad/ ) !
i (KIAS,IMN) (ZMAC) { (1lbs) lAug sec{ se‘;)2 (52‘3
Cruise (CR)  |30000 .65 22,8 119000 | on | 14 |02 [p.5:1la.8 }o0.25
@ over (®) 10000 450/.80 23,2 | 21700 ON } 4.3 0.1 {1.2:1{21.4 |0.60
Power .
Approach (PA) l 10000 | 145 19.2 | 15500 OFF | 2.2 {03 3:1[14.5 | 0.62 ;

FIGURE 62

AIRPLANE DUTCH ROLL CHARACTERISTICS
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' If the flight test team desires to show the variation of Dutch roli characteristics
with airspeed or Mach number, a plot similar to that shown in Figure 65 may be

I o utilized. When discussing Dutch roll characteristics in the body of the report, or

‘ when presenting appropriate data, the condition of the stabiiity augmentation, if

installed, must be explicitly stated.
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Lateral-Directionai Trimmability, Budder-Only Turns, and Aileron-Qnly Turns

The determination of trimmability as presented herein is based on the test

pilot's quaiitative opiriion. Therefore, a qualitative discussion of trimmability in the .

technical report is appropriate. The results of other tests may be used to substantiate

the qualitative opinion of lateral-directional trimmability.

The results of rudder-only turn and aileron-only turn tests are probably best
blended into discussions of static or dynamic lateral-directional characteristics. The
writer should make every effort ot gorrelate the gualitative and quantitative results
of all the tests conducted in order to present a meaningful picture of the airplane’s

tateral-directional flying qualities.
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SPECIFICATION REQUIREMENTS

Requirements for static and dynamic lateral-directional tlying qualities are
contained in the feliowing applicable paragraphs of Military Specification,

MIL-F-8785C, of 5 MNovember 1980, hereafter referred to as the
Specification.
3.2.3.7 Longitudinal contret in sideslips

3.3.1 Lateral-directional mode characteristics (except 3.3.1.2)

33.2 L.ateral-directional dynamic response characteristic (subparagraphs
3.3.2.1,3.3.2.2.1, 3.3.2.4.1, 3.3.2.6)

3.3.3 Pilot-induced oscillations

3.34.5 Rudder-pedal-induced rolls

3.356 Directional control characteristics {subparagraphs 3.3.5,1, 3.3.5.2)
3.3.6 Lateral-directional characteristics in steady sideslips

3.3.7 Lateral-directional control in crosswinds

3.3.8 Lateral-directiona! control in dives

3.5.2 Mechanical characteristics {control system)




w

The requirements ot the Specification may be modified by the applicable

airplane Detail Specification, Comments concerning only those portions of the

Snecification which require some interpretation are presented below,

3.3.2.2.1

3.3.2.4.1

3.3.7.2.1

The intent of this paragraph is to insure that there will be no
objectionable roll oscillations while executing small, precise lateral
inputs such as would be used in air-to-air or air-to-ground tracking
tasks. The damped period (td) of the Dutch roll must be known before
quantitative data can be obtained to determine compliance with this

paragraph.

The intent of this paragraph is to limit the amount of adverse or
proverse sideslip following small lateral control inputs such as would be
used in tracking tasks. Again, the damped period of the Dutch roll must

be known to determine Specification compliance.

This paragraph specifies that satisfactory directional control using

either rudder, aileron or a combination of both shall be maintained at

50 knots or above during takectf and landing rollout.

'\5... 3
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LATERAL-DIRECTIONAL FLYING QUALITIEY
GLOSSARY OF DEFINITIONS

ROLL-TO-YAW RATIO - Ratio of bank angle envelope to sideslip angle envelope
during Dutch roll oscillation,

ADVERSE YAW - Yawing moments created act so as to rotate the nose of the

airplane opposite to the direction of roll, The term “adverse” does not, in itself,

denote unfavorable flying qualities.

PROVERSE YAW - Yawing moments generated act so as to rotate the nose of the

airplane toward the direction of roll. The term “proverse” does not necessarily

indicate favorable flying qualities.

ROL! MODE TIME CONSTANT - Time required for the roll rate to reach 63.2
percent of the steady state roll rate following a step input of lateral control.

COORDINATED TURN - A turn in which a balance of sideward accelerations

acting on objects in the airplane is attained; a “’ball-centered’’ turn,
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LATERAL-DIRECTIONAL FLYING QUALITIES
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